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A FLIGHT INVESTIGATION OF BLADE-SECTION AERODYNAMICS 
FOR A HELICOPTER MAIN ROTOR HAVING NLR-IT AIRFOIL SECTIONS 
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Rober t  L. Tomaine 

NASA Langley Research Center 
Hampton, V i r g i n i a  23665 

SUMMARY 

A fl i ght  i n v e s t i g a t i o n  has been conducted us ing  a t e e t e r i  n g - r o t o r  he1 i- 
c o p t e r  t o  o b t a i n  data on t h e  aerodynamic behav io r  o f  ma in - ro to r  blades w i t h  t h e  
NLR-1T b l  ade sec t ion .  The data system recorded b l  ade-sect i on aerodynamic 
pressures a t  90-percent r o t o r  rad ius,  v e h i c l e  f l  i ght  s ta te ,  performance, and 
1 oads. The t e s t  envelope i nc l uded  hover, f o r w a r d - f l  i g h t  speed sweeps f rom 35 t o  
85 rn/sec (68 t o  165 kno t s ) ,  and c o l l e c t i v e - f i x e d  maneuvers a t  about 56 m/sec 
(109 kno t s ) .  

F l  i g h t - t e s t  data were o b t a i  ned on apparent b l  ade-vor tex i n t e r a c t i o n s ,  nega- 
t i v e  l i f t  on t h e  advancing b lade  i n  high-speed l e v e l  f l i g h t ,  wake i n t e r a c t i o n s  
i n  hover, and o t h e r  phenomena. I n  many cases, good agreement was achieved be- 
tween chordwise pressure d i s t r i b u t i o n s  measured i n  f l i g h t  and those p r e d i c t e d  by 
a i r f o i l  theory.  Most comparisons were made f o r  a  high-speed, l e v e l  - f l  i gh t  con- 
d i t i o n  w i t h  no apparent i n d i c a t i o n s  of b lade-vor tex  i n t e r a c t i o n s .  

INTRODUCTION 

The con t inued  devel  oprnent o f  a i  r f o i  1 technology o f f e r s  t h e  p o t e n t i a l  f o r  
irnprovernents i n  t h e  performance and loads  c h a r a c t e r i s t i c s  o f  he1 i c o p t e r  r o t o r s  
( r e f s .  1 and 2).  As i n d i c a t e d  i n  re ferences 3 t o  11, methods o f  r o t o r c r a f t -  
a i r f o i l  des ign a re  s t i l l  be ing  improved. These methods are cons t ra i ned  by t he  
assumption of two-dimensional, steady f low. I n  many p a r t s  o f  t h e  t y p i c a l  
he1 i c o p t e r  ope ra t i ng  envelope, b lade sec t ions  are sub jec ted  t o  h i g h l y  th ree-  
d imensional ,  unsteady f low ( r e f s .  12 and 13). The degree o f  success w i t h  which 
r o t o r c r a f t - a i r f o i l  des ign technology can be a p p l i e d  depends on how we l l  t he  a i r -  
f o i l  des ign v a r i a b l e s  can be r e l a t e d  t o  t h e  complex f l o w  environment o f  t h e  
r o t o r .  Experimental  s t ud ies  on t h i s  t o p i c  a re  repo r ted  i n  re fe rences  8, 14, 15, 
and 16. 

A f l  i ght  i n v e s t i g a t i o n  o f  r o t o r - a i r f o i  1  c h a r a c t e r i s t i c s  has been conducted 
w i t h  a  h i  gh-speed, t e e t e r i  ng- ro to r ,  All-1G a t t ack  he1 i c o p t e r  t h a t  used mai n - r o t o r  
b lades w i t h  t h e  NLR-1T a i r f o i l .  Th is  a i r f o i l  was designed s p e c i f i c a l l y  t o  meet 
t h e  r o t o r c r a f t - a i r f o i l  des ign c r i t e r i a  descr ibed i n  re fe rence  4. The i n s t r u -  
mented v e h i c l e  was f lown i n  l e v e l  f l i g h t  up t o  85 m/sec (165 kno ts )  and i n  
c o l  1  e c t i  ve-f i x e d  maneuvers a t  about .56 m/sec (109 kno t s ) .  Data were obta ined 
on performance, f l i g h t - s t a t e  and c o n t r o l  parameters, r o t o r  loads and motions, 
and a i  r f o i  1  pressure d i s t r i b u t i o n s  a t  90-percent r ad ius  on one blade. I n i t i a l  
r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a re  presented i n  re ferences 16 and 17. D e t a i l e d  



data  on .performance, loads, and b lade  mot ions f o r  t h e  NLR-1T.  blade^ a re  pre-  
sen ted  I n  re fe rence  18. Base1 i n e  da ta  f o r  t h e  same t e s t  v e h ~ c l e  w i t h  a s tan-  
dard, un inst rumented se t  o f  ma in - ro to r  blades a r e  g i v e n  i n  r e fe rence  19. 

The NLR-1T fl i g h t - t e s t  program i s  compl emented by o t h e r  r o t o r c r a f t  a i  r f o i  1 
research. Wind-tunnel t e s t  da ta  and analyses o f  t h e  NLR-1 a i r f o i l  a re  g iven  i n  
r e fe rences  6, 20, and 21. F l i g h t - t e s t  data f rom o t h e r  r e l e v a n t  r o t o r c r a f t  
research  a re  presented i n  re fe rences  15 and 22 t o  26. References 15 and 22 
r e p o r t  on f l i g h t  t e s t s  w i t h  new a i r f o i l  shapes gloved on b lade t i p s ;  re fe rences  
23, 24, and 25 c o n t a i n  r e s u l t s  f rom AH-1G h e l i c o p t e r  t e s t s  w i t h  ins t rumented 
s tanda rd  b l  ades. Re1 evant  wi nd-tunnel t e s t s  o f  ins t rumented  r o t o r s  a re  r e p o r t e d  
i n  re fe rences  27 and 28. 

The purpose o f  t h i s  r e p o r t  i s  t o  present  b lade-sec t ion  aerodynamic data for, 
and l i m i t e d  a n a l y s i s  o f ,  s i g n i f i c a n t  f l i g h t - t e s t  c o n d i t i o n s  w i t h  t h e  NLR-1T a i r -  
f o i l .  That s i g n i f i c a n c e  i s  determined i n  l a r g e  p a r t  by t h e  rev iew o f  p e r f o r -  
mance and loads data ( r e f .  18) ob ta ined  c o n c u r r e n t l y  w i t h  t he  b lade pressure 
data. The records o f  b l ade -sec t i on  data i n  t h i s  r e p o r t  p rov ide  t h e  bas i s  f o r  
f u t u r e  analyses w i t h  o t h e r  complementary data f rom re fe rences  18 and 24 o r  w i t h  
r e s u l t s  f rom computer programs f o r  he1 i c o p t e r  simul a t  ion.  The da ta  presented 
h e r e i n  a r e  in tended t o  gu ide e f f o r t s  t o  u t i l i z e  t h e  complete r e s u l t s .  

SYMBOLS 

P o s i t i v e  senses of some axes, angles and a c c e l e r a t i o n s  a re  presented i n  
f i g u r e  1. 

A0 f ma in - ro to r  c o l l  e c t i v e  p i t c h  angle a t  0.75R, commanded a t  swashplate, 
deg 

AOs mai n - r o t o r  co11 e c t i  ve p i t c h  angl e a t  0.75R, measured a t  b l  ade g r i  ps, 
deg 

A~, t r  t a i l - r o t o r  c o l l e c t i v e  p i t c h  angle, deg 

4 f mai n - r o t o r  l a t e r a l  p i t c h  angle, commanded a t  swashpl a te ,  deg 

A1 s f i r s t  harmonic o f  ma in - ro to r  l a t e r a l  p i t c h  angle, measured a t  b lade  
g r i p ,  deg 

a speed o f  sound, m/sec 

f i r s t  harmonic o f  ma in - ro to r  l o n g i t u d i n a l  f l a p p i n g  w i t h  respec t  t o  t h e  
mast, deg 

Bl f mai n - r o t o r  l o n g i t u d i n a l  p i t c h  angle, commanded a t  swashplate, deg 

Bl s f i r s t  harmonic o f  mai n - r o t o r  1 ongi  t u d i  na l  p i t c h  angle, measured a t  
b l ade  g r i p ,  deg 



bl s 
f i r s t  harmonic o f  main-rotor  la te ra7  f l a p p i n g  w i t h  respect t o  the  
mast, deg 

CL ' vehi c l  e  1  oad c o e f f i c i e n t  , nz 
2 

p.rrR (RR)  2  

P a i r f o i l  pressure c o e f f i c i e n t ,  
P  - P, 

qco 

C ~ *  a i r f o i l  pressure c o e f f i c i e n t  corresponding t o  a  l o c a l  Mach number o f  
1.0 

Q mai n - ro to r  mast torque c o e f f i c i e n t ,  Q 

p n ~ 3  ( 0 ~ ) ~  

c a i r f o i l  chord, m 

C c  a i  r f o i  1  chord-force c o e f f i c i e n t ,  pressure only, 

th ickness 

C~ 
a i r f o i l  l i f t  c o e f f i c i e n t ,  sec t ion  l i f t / ( q c )  

m a i r f o i l  pitching-moment c o e f f i c i e n t  about qua r te r  chord, pressure 

) (0.21 - $ I  dx +:j 1 p,f - 'p,r) $ dz 
th ickness  

C n  a i r f o i  1 normal f o r c e  c o e f f i c i e n t  ? I chord (Cp,L - c ~ , ~  

F func t ion  (See eq. (C-2) . )  

F c  cor rec ted  f u n c t i o n  (See eq. ( C - 2 ) .  ) 

f frequency, Hz 

3db frequency f o r  3 db amp1 i t u d e  at tenuat ion,  Hz 

9 acce le ra t i on  due t o  g r a v i t y ,  9.81 m/sec2 

h  c l imb ra te ,  m/sec 



K r a t i o  o f  e f f e c t i v e  t o  ac tua l  c u t o f f  f requency 

K n cons tan ts  f o r  z - t rans fo rm equat ion, n  = 1, 2, 3 (see e q .  (c-2) .  ) 

k m i ncremental angl  e  f o r  incrementa l  a i  r f o i  1  pressure, deg/Pa (See eq. 
(B-2). 

M l o c a l  Mach number pe rpend i cu la r  t o  b lade  l e a d i n g  edge 

Mh 
RR 

re fe rence  b l  ade-t i p Mach number, a 
"'1 da ta  channel s e n s i t i v i t y ,  measured units/mV 

"2 s l  ope rep resen t i ng  PCM e l e c t r o n i c  response, mV/di g i  t a l  increment 

nx, ny, nZ or thogonal  s e t  o f  l o a d  f a c t o r s  f o r  a i r c r a f t  cen te r  o f  g r a v i t y ,  g  
u n i t s  

P l o c a l  s t a t i c  pressure a t  a  p o i n t  on a i  r f o i  1, Pa 

Pf, qf, rf or thogonal  s e t  o f  fuse lage  angu la r  r a te ,  rad/sec 

p a  f ree-s t ream s t a t i c  pressure, Pa 

Q mai n - r o t o r  mast torque,  N-m 

9, f ree-s t ream dynamic pressure o f  b lade  sec t ion ,  Pa 

R b lade  rad ius ,  m ( f t )  

r r a d i a l  d i s t ance  t o  b lade  element 

s Lap1 ace ope ra to r  

T p e r i o d  between samples o f  same channel o f  m u l t i p l e x e d  da ta  system, sec 

-r b b lade  temperature on upper surface a t  x/c = 0.6 and r / R  = 0.9, C 

t tirne, sec; a lso ,  a i r f o i l  th ickness,  m 

t d de lay  t i m e  due t o  e l ec t ron i c - i nduced  l ag ,  sec 

V a i  r c r a f t  t r u e  a i  rspeed o r  ve l  o c i  t y  , m/sec (kno ts )  

W a i r c r a f t  gross weight,  N 

x,y,z or thogonal  s e t  o f  a i r c r a f t  body axes (See f i g .  1. ) 

x a i r f o i l  abscissa, p o s i t i v e  rearward f rom l e a d i n g  edge, m 

4 



ai rfoi 1  ordinate, positive upward, m 

transformat ion variable (See eq. (C-2). ) 

rotor control-axis angle of attack, deg 

effect ive a i r fo i l  angle of attack (See eq. (B-Z).), deg 

fuselage angle of attack, deg 

fuselage angle of side-sl ip ,  deg 

main-rotor, shaft-axis tee ter  angle, (where Bs - a, - a l s  cos$ - bls s in$ 
...) positive updard, deg 

di gi ta l  increment above val ue for zero pressure, counts 

h u b  height above ground 

change in m l  per change in pressure-sensor temperature, Pa/counts - C 

change in indicated pressure per change in pressure-sensor 
t ernperature, Pa/C 

change in p due to  temperature effect ,  Pa 

azimuthal lag due to  electronic lag 

fuselage pitch a t t i tude ,  deg 

main-rotor, shaft-axis blade pitch at  0.75R, (where B s  = Ao - A l s  COS$ 
81 s in$ - . . .), measl~red at  blade grip, deg 

tip-speed rat io ,  V / ( R R )  

mass density of a i r ,  kg/m3 

fuse1 age roll at t i  tude, deg 

mai n-rotor b l  ade azimuth angl e  measured from downwi nd posit ion in 
direction of rotor rotation. deg 

~nai n-rotor rotational speed, rad/sec 

cutoff frequency (See eq. (c-l).), Hz 



Subsc r i p t s  

a  above re fe rence  temperature 

b be1 ow re fe rence  temperature 

c mean l i n e  

f fo rwa rd  su r f ace  

l owe r  su r f ace  

t r a i  1  i ng edge 

upper su r f ace  

f i f t h  harmonic va lue 

EQUIPMENT AND PROCEDURES 

Tes t  Veh i c l e  

The t e s t  v e h i c l e  was t h e  inst rumented AH-1G a t t a c k  h e l i c o p t e r  shown i n  
f i g u r e s  2 and 3. Phys ica l  c h a r a c t e r i s t i c s  o f  t h e  v e h i c l e  a re  g iven  i n  Table I. 
The tee te r ing-hub  main r o t o r  was s i m i l a r  t o  t h e  s tandard p roduc t i on  con- 
f i g u r a t i o n  except f o r  b l  ade cons t ruc t i on ,  a i  r f o i  1  sec t ion ,  and some s t r u c t u r a l  - 
dynamic b l  ade p rope r t i es .  Compared t o  s tandard b l  ades, t h e  NLR-1T blades d i d  
have i d e n t i c a l  planform, t w i s t ,  and root -end f i t t i n g s .  However, t h e  new blades 
were b u i l t  w i t h  t h e  NLR-1T a i r f o i l  con tour  f rom about 31-percent b lade r a d i u s  t o  
t h e  t i p .  One o f  these blades was inst rumented t o  measure bending loads, i n t e r -  
n a l  temperatures, and aerodynamic pressures a t  one spanwise s t a t i o n .  De ta i  1s o f  
b l ade  des ign and o t h e r  v e h i c l e  f e a t u r e s  may be found i n  re fe rence  18. 

A i r f o i l  

The NLR-1 a i r f o i l  was developed t o  s a t i s f y  mu1 t i p l e  des ign p o i n t s  de r i ved  
f o r  a  h e l i c o p t e r  r o t o r  i n  hover, maneuvers, and high-speed f l i g h t .  Th i s  work i s  
desc r i bed  i n  re fe rences  4 and 6. Us ing hodograph-plane var iab les ,  a  computer 
program produced a shock-free p r o f i l e  f o r  t h e  t r a n s o n i c  des ign p o i n t  ( r e f .  29). 
A program f o r  ana l yz i ng  a i r f o i l  aerodynamics i n  s u b c r i t i c a l  f l o w  was then  used 
t o  assess t h e  e f f e c t s  o f  m o d i f i c a t i o n s  t o  t h e  i n i t i a l  contours.  These mod i f i ca -  
t i o n s  were aimed a t  s a t i s f y i n g  t h e  lower-speed design c r i t e r i a  o f  r e fe rence  4. 
The f i n a l  shape was des ignated as t h e  NLF7223-62 or,  more simply,  t h e  NLR-1. 
The NLR-1T was ob ta ined  by t r u n c a t i n g  t h e  NLR-1 a t  99-percent chord t o  produce a 
f i n i t e - t h i c k n e s s  t r a i  1  i n g  edge. NLR-1T coord ina tes  are l i s t e d  i n  Table I 1  and 
presented g r a p h i c a l l y  i n  f i g u r e  4. Noteworthy f ea tu res  a re  t h e  f a r - f o rwa rd  
l o c a t i o n  o f  t h e  p o s i t i v e  camber and t h e  r e f l e x  camber a t  t h e  t r a i l i n g  edge. 
F i g u r e  5 p resen ts  a  comparison o f  t h e  nominal con tour  and t h e  p r o f i l e  achieved 
a t  t h e  spanwise l o c a t i o n  where p ressure  measurements were made. 



Wind-tunnel da ta  i n d i c a t e d  t h a t  most o f  t h e  aerodynamic o b j e c t i v e s  of t h e  
des ign  were no t  met ( r e f s .  6, 20, and 21). Maximum l i f t  a t  a Mach number o f  0.4 
was l i m i t e d  t o  about cb  = 1.1 by  t r a i l i n g - e d g e  separat ion.  The drag-divergence 
Mach number a t  zero 1 1 f t  was determined t o  be approx imate ly  0.84, about 0.01 
below t h e  des ign c r i t e r i o n .  I n  con t ras t ,  t he  l o w - l i f t ,  l ow Mach number values 
o f  pitching-mornent c o e f f i c i e n t  ranged f rom -0.01 t o  -0.02 which a re  w i t h i n  t h e  
des ign  c o n s t r a i n t s .  

Data System 

Data from fuse1 age-mounted sensors were acqu i red  w i t h  t h e  P i  1 o t e d  A i r c r a f t  
Uata System (PADS) descr ibed  i n  r e fe rence  19. These sensors measured f l i g h t -  
s t a t e  parameters, c o n t r o l  p o s i t i o n s ,  and some r o t o r  and engine parameters. 
D e t a i l  o f  t h e  PADS sensor system are  g iven i n  Table 111. PADS e l e c t r o n i c s  used 
a 1 0 - b i t  data word, a sampl ing r a t e  o f  80 samples pe r  second pe r  channel, and 
p u l  se-code modul a t i  on (PCM) f o r  d i  g i  t i z a t  ion. PADS-PCM data channel s were 
m u l t i p l e x e d  and recorded on a s i n g l e  tape  t r ack .  

Data frorn rotor-mounted sensors were processed by t h e  d i g i t a l  Specia l  Ro to r  
Glade I ns t rumen ta t i on  (SRBI) system o f  re fe rence  30. Th is  p rov ided  30 channel s 
w i t h  8 - b i t  data words ( w i t h o u t  p a r i t y )  and a sampling r a t e  o f  1000 samples pe r  
second pe r  channel. Data s i g n a l s  f o r  r o t o r  loads, t e e t e r  angle, b lade p i t c h  
angle,  b lade  azimuth angle, and c a n i s t e r  temperature were processed i n  t h e  mast- 
mounted c a n i s t e r  shown i n  f i g u r e  6. Th is  se t  o f  channels i s  descr ibed  f u r t h e r  
i n  re fe rence  18. A i r f o i l  pressures were sensed by 13 p ressure  t ransducers  
l o c a t e d  a t  90 percen t  o f  r o t o r  rad ius.  E l e c t r o n i c s  mounted i n  t h e  b lade t i p  
d i g i t i z e d  and mu1 t i  p l  excd s i  gnal s f o r  bo th  t h e  b l  ade-sect i o n  pressures and b lade  
te~npera tu re .  T h i s  da ta  and t h e  canis ter -processed data were merged and recorded 
on a s i n g l e  tape  t r ack .  Photographs and a schematic o f  elements o f  t h e  SRBI 
systern a re  presented i n  f i g u r e s  6 t o  10. Some o f  t h e  equipment used t o  per form 
a p r e f l  i ght  b l  ade-pressure c a l  i b r a t i o n  a re  shown i n  f i g u r e  11. Appendix A and 
Tables I V  and V p rov ide  a more d e t a i l e d  d e s c r i p t i o n  o f  t he  pressure da ta  system. 

Data Reduct ion 

The pressure- t ransducer  records were processed t o  produce l o c a l  pressure 
and b lade -sec t i on  c o e f f i c i e n t s  f o r  every two degrees o f  azimuth w i t h i n  each 
s e l e c t e d  r o t o r  r e v o l  u t i on .  Corrected, dirnensi onal val  ues o f  l o c a l  b l  ade-sect i o n  
pressures were nondimensional ized w i t h  o t h e r  data from t h e  PADS and SRBI 
systems. These r e s u l t s  were i n t e g r a t e d  (us ing  t h e  methods of r e f .  31) t o  . y i e l d  
normal - force, chordwise-force, and pi tchina-moment c o e f f i c i e n t s .  ( k t a i l  S of t h e  
da ta  r e d u c t i o n  a re  g iven  i n  Appendices B and C). The s tandard da ta - reduc t ion  
process a1 so y i e l d e d  loads data f o r  t h e  same r o t o r  r evo l  u t i o n  ( r e f .  18). 

F l  i ght-Test  Procedures 

F l i g h t  t e s t s  were conducted t o  o b t a i n  data i n  s t r a i g h t  and l e v e l  f l i g h t  and 
i n maneuvers. Steady, l e v e l  - f l  i ght  speed sweeps were accompl i shed, u s u a l l y  i n  5 
m/s (10 k n o t )  increments,  f rom about 35 t o  85 m/s (68 t o  165 kno ts ) .  Th is  range 



o f  speeds corresponds t o  t ip -speed r a t i o s  f rom about 0.15 t o  0.37. Maneuvers 
were f l own  w i t h  a  nominal t i p -speed r a t i o  o f  0.25 and w i t h  t h e  c o l l e c t i v e  p i t c h  
s e t  f o r  t r i m  a t  t h a t  speed. The corresponding a i rspeed i s  56 m/sec (109 kno t s ) .  
The symmetr ical  p u l l  -ups and cons tan t -a i  rspeed descending t u r n s  were f l own  w i t h  
normal - load f a c t o r s  up t o  2.3. The t e s t s  a l s o  i n c l u d e  r e p r e s e n t a t i v e  per iods  o f  
hover  and o f  l i n e a r  c l imb  and descent. 

Emphasis was p laced  on ach iev ing  we1 1 -con t ro l  l e d ,  s tandard ized  t e s t - p o i n t  
c o n d i t i o n s  t o  a l l o w  d i r e c t  comparison between data se ts  f o r  t h e  d i f f e r e n t  
exper imenta l  r o t o r s .  Opera t ing  r o t o r  speed and l o n g i  t u d i  na l  cen te r  o f  g r a v i t y  
were ma in ta ined  very  c l ose  t o  nominal values and t h e  ex te rna l  c o n f i g u r a t i o n  o f  
t h e  a i r c r a f t  was kep t  t h e  same f o r  t h e  t e s t s  of a l l  t h r e e  exper imenta l  b lade  
s e t s  ( r e f .  16). Data were acqu i red  o n l y  when a i r  t u rbu lence  l e v e l s  were accept-  
a b l y  low. 

DISCUSSION OF RESULTS 

Aerodynamic b lade-sec t ion  da ta  a re  presented i n  f i g u r e s  12 th rough 49 and 
i n  Appendices D and E. Table V I  p rov ides  a guide t o  t e s t - p o i n t  c o n d i t i o n s  f o r  
t h e  data i n  t h e  appendices. Ana l ys i s  o f  t h e  data presented i s  l i m i t e d  t o  pro- 
v i d i n g  a s u i t a b l e  background f o r  d e t a i l e d  analyses and comparat ive s tud ies.  The 
t o p i c s  f o r  t h e  f o l  1  owing d i scuss ion  i n c l  ude: data i n t e r p r e t a t i o n ;  r e s u l t s  f o r  
l e v e l  f l i g h t ,  hover, and maneuvers; and a comparison o f  f l i g h t  data w i t h  ca lcu-  
1 a t e d  r e s u l t s  f rom a i  r f o i  1  theory.  

The i n t e r p r e t a t i o n  o f  t h e  b l  ade-sect i on data should be guided by severa l  
cons ide ra t i ons .  F i r s t ,  t e s t  c o n d i t i o n s  were l i m i t e d ;  t h e  d i s k  l o a d i n g  was low, 
and t h e  maneuvers were f l own  a t  one t a r g e t  airspeed. Second, pressure coef-  
f i c i e n t s  a re  t h e  most accura te  form o f  b lade-sec t ion  data f o r  any t e s t  po in t .  
Normal - force and p i t c h i  ng-moment c o e f f i c i e n t s  r equ i red  a d d i t i o n a l  da ta  r e d u c t i o n  
and a re  most usefu l  on a comparat ive bas i s  t o  guide d e t a i l e d  a n a l y s i s  o f  t h e  
p ressure  d i s t r i b u t i o n s .  Th i rd ,  t h e  accuracy o f  each t ype  o f  b lade-sec t ion  coef-  
f i c i e n t  data i s  a  complex f u n c t i o n  o f  azimuth p o s i t i o n ,  t i p -speed r a t i o  and 
o t h e r  t es t - cond i  t i o n  parameters (Appendices B and C) . 

Another  impor tan t  cons ide ra t i on  i s  t h e  s teadiness o f  a  t e s t - p o i n t  c o n d i t i o n  
and i t s  e f f e c t  on t h e  data. Steadiness i s  s i g n i f i c a n t  because each s e t  o f  da ta  
i s  unique f o r  a  s i n g l e  r o t o r  r evo l  u t i on .  There was no averaging o f  r e s u l t s  f o r  
a  s e r i e s  o f  r evo l  u t i ons .  F i g u r e  12 shows t h a t  pressure h i s t o r i e s  appear t o  be 
h i g h l y  r e p e t i t i v e  f o r  l e v e l  f l i g h t .  F i g u r e  13 con f i rms  t h i s  w i t h  a  comparison 
o f  a i r f o i l  c o e f f i c i e n t  data f o r  severa l  r o t o r  r evo lu t i ons .  The da ta  o f  f i g u r e s  
14 and 15 show t h a t  descending t u r n s  produce r e p e t i t i v e ,  p e r i o d i c  records, 
whereas t h e  wave forms change as a f u n c t i o n  o f  t ime f o r  symmetr ical  pu l l -ups .  

The loads and performance da ta  acqu i red  c o n c u r r e n t l y  i n  t h e  same f l i g h t  
i n v e s t i g a t i o n  ( r e f .  18) can be used t o  guide t h e  s tudy o f  t h e  t e s t  r e s u l t s  on 
b l ade -sec t i on  aerodynamics. A t  each se lec ted  t e s t  po in t ,  a l l  types o f  r o t o r  
da ta  ( r o t o r  1  oads and aerodynamics i nc l  uded) were f u l  l y  reduced, and 1 i s t  i ngs 
were generated. Many o f  t h e  data p o i n t s  o f  re fe rence  18 have complementary se ts  
o f  b l ade -sec t i on  data l i s t e d  i n  Appendices D and E. 



Level  F l i g h t  

Typ i ca l  cond i t i ons .  - Level  f l i g h t  data a re  reviewed f i r s t  by c o n c e n t r a t i n g  
on r e s u l t s  f o r  t h r e e  values o f  t i p -speed r a t i o  achieved i n  one speed-sweep . . 
f l i g h t .  F i g u r e  16 p resen ts  a comparison o f  t h e  behav io r  o f  both normal f o r c e  
and p i t c h i n g  rnoment th rough  t h e  f u l l  range o f  r o t o r  azimuth. (The p roduc t  o f  an 
a i r f o i l  c o e f f i c i e n t  and Mach number squared i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
d imensional  l o a d  a c t i n g  on t h e  b lade sect ion.  ) The s i g n i f i c a n t l y  d i f f e r e n t  
p a t t e r n s  o f  loads  a t  t h e  t h r e e  f l i g h t  c o n d i t i o n s  a re  produced by d i f f e r e n t  
phenomena. The abrup t  changes i n  C ~2  a t  I) = 70' and 270° f o r  v = 0.15 i n d i -  
c a t e  b lade-vor tex  i n t e r a c t i o n s  s i m i l a r  t o  those o f  re fe rences  24 and 32. The 
ma jo r  changes i n  bo th  C,M~ and C,M~ near  U. = 90° o r  p = 0.37 i n d i c a t e  t h e  
s i g n i f i c a n t  e f f e c t  o f  c o m p r e s s i b i l i t y  on t h e  advancing blade. 

More d e t a i l s  o f  b lade-sec t ion  behavior  a re  ev iden t  i n  t he  pressure-  
c o e f f i c i e n t  da ta  o f  f i g u r e  17. Resu l ts  f o r  JJ = 0.15 show t h e  s t r ong  i n f l u e n c e  
o f  apparent b l  ade-vor tex i n t e r a c t i o n s  by t h e  f l  u c t u a t  i ons o f  pressure coef -  
f i c i e n t s  near t h e  l e a d i n g  edge ( r e f s .  25, 33, and 34). The magnitude of these 
f 1  u c t u a t  i ons i n  t h e  f i r s t  quadrant appear re1 a t  i v e l y  small because t h e  l o c a l  
p ressure  i s  nondirnensional i z e d  by a  l a r g e r  value o f  l o c a l  dynamic pressure. 
Data f o r  t h e  in termediate-speed case a l s o  show t h a t  [nost o f  t he  v a r i a t i o n  i n  
p ressure  c o e f f i c i e n t  occurs i n  t h e  f r o n t  o f  t h e  b lade  s e c t i o n  ( f i g .  17(b)) .  The 
high-speed data o f  f i g u r e  17 (c )  g i ve  c l e a r  examples o f  c o m p r e s s i b i l i t y  e f f e c t s  
i n  t h e  records  f o r  bo th  upper and lower  surfaces. The most prominent compressi- 
b i l i t y  f e a t u r e  i s  t h e  up e r - su r f ace  pressure peak f o r  2-percent chord a t  an R azirnuth angle o f  about 230 . 

The re1 a t i o n s h i p  between t he  cornpressibi 1  i ty  fea tu res  and s u p e r c r i t i c a l  
f l ow i s  i l l u s t r a t e d  i n  f i g u r e  18. Th i s  f i g u r e  presents  some d e t a i l s  o f  data f o r  
t h e  high-speed case o f  f i g u r e  17(c ) .  Chordwise pressure d i s t r i b u t i o n s  f o r  two 
az imuth p o s i t i o n s  are g iven  i n  f i g u r e s  18(a) and (b)  ; pressure-coe f f  i c i e n t  
records  f o r  two t ransducers  a re  g iven  i n  f i g u r e  18(c) .  The p o i n t s  l a b e l e d  A and 
B i n  f i g u r e  1 8 ( c )  a re  c i t e d  as be ing  e f f e c t e d  by s u p e r c r i t i c a l  f low. The co r re -  
sponding p o i n t s  i n  t h e  pressure d i s t r i b u t i o n s  s u b s t a n t i a t e  t h i s .  (The l o c a l  
p ressure  c o e f f i c i e n t s  a re  Inore nega t i ve  than  t h a t  f o r  son ic  f low.)  

The r e l a t i v e  s i g n i f i c a n c e  o f  t h e  l o c a l  s u p e r c r i t i c a l  f l o w  i s  suggested i n  
t i l e  c a l c u l a t e d  supe rson i c - f l  ow boundaries o f  f i g u r e  19. F i gu re  19(a )  co r re -  
sponds t o  t h e  f l o w  c o n d i t i o n s  o f  f i g u r e  18(a )  and shows s u b s t a n t i a l  reg ions  of 
s u p e r c r i t i c a l  f low. F igu re  19(b)  corresponds t o  t h e  f l o w  c o n d i t i o n s  of f i g u r e  
18(b);  i t  i n d i c a t e s  t h a t  t h e  smal l  s u p e r c r i t i c a l - f l o w  reg ion  f o r  t h e  high-1 i f t  
c o e f f i c i e n t  case i s  probably  i n s i g n i f i c a n t ,  even though i t produces a  prominent 
peak i n  f i g u r e  18(c) .  

Speed-sweep r e s u l t s .  - The change i n  cha rac te r  o f  b lade-sec t ion  aerodynamic 
c h a r a c t e r i s t i c s  d u r i n g  a  speed sweep i s  i l l u s t r a t e d  by t h e  da ta  o f  f i g u r e  20. 
(As noted before,  t h e  nondirnensional i z i  ng f a c t o r s  f o r  t h e  c o e f f i c i e n t  data are 
thelnsel ves f u n c t i o n s  o f  azimuth, and v a r i a t i o n  o f  b l  ade-sect ion Mach number w i t h  
b l a d e  azimuth a l s o  changes w i t h  t ip -speed r a t i o . ) .  The data show t h e  f o l l o w i n g  
t r e n d s  : 



1. Typ i ca l  r e s u l t s  o f  apparent b l  ade-vor tex i n t e r a c t i o n  a re  c l e a r l y  
observable a t  t h e  lowes t  t i p -speed r a t i o s .  These a re  apparent i n  t h e  
da ta  f o r  bo th  normal - force and p ressure  c o e f f i c i e n t s .  

2. Negat ive normal - f o r c e  and, consequent ly,  nega t i ve  1  i f t  a re  generated 
i n  t h e  second quadrant a t  90-percent r o t o r  r a d i u s  f o r  t i p -speed r a t i o s  
above approx imate ly  0.3. Th i s  means t h a t  two s i g n i f i c a n t  v o r t i c e s  
should t r a i l  f rom t h e  o u t e r  p a r t  o f  t h e  blade: t h e  one f rom t h e  down- 
loaded t i p  cou ld  be i nges ted  i n t o  t h e  t o p  o f  t h e  f i r s t  quadrant o f  t h e  
r o t o r  disk.  

3. S u p e r c r i t i c a l  p ressure  peaks appear a t  h i g h  t ip -speed r a t i o s  a t  t h e  . 
l e a d i n g  edge: i n  t h e  t h i r d  quadrant on t h e  upper sur face  ( f i g .  20 (c ) )  
and t h e  second quadrant on t h e  l owe r  sur face  ( f i g .  20Cd)). 

V a r i a t i o n s  o f  b l ade -sec t i on  a i  r f o i  1  c o e f f i c i e n t s  w i t h  l o c a l  Mach number a re  
p resen ted  f o r  severa l  t i p -speed r a t i o s  i n  f i g u r e s  21 and 22. The l o c a l  Mach 
number due s o l e l y  t o  b lade  r o t a t i o n  a t  90-percent r o t o r  r a d i u s  i s  about 0.63 f o r  
t h i s  data. Apparent b1 ade-vor tex i n t e r a c t i o n s  a re  ev iden t  a t  about M = 0.5 f o r  
t h e  lowes t  t i p -speed r a t i o s .  A t  moderate-to-high values o f  t i p -speed r a t i o ,  t he  
t r a c e s  o f  normal - f o r c e  c o e f f i c i e n t  and Mach number form a  c h a r a c t e r i s t i c ,  
double- looped shape. The pitching-moment c o e f f i c i e n t s  a l s o  produce a  charac- 
t e r i s t i c  shape: r e t r e a t i n g - b l a d e  f l o w  produces a  small l oop  o r  s e r i e s  o f  loops  
a t  about cm = 0.0 a t  t h e  lowes t  Mach numbers and a  second l a r g e  loop  shows a  
w ide  range o f  moment-coef f ic ient  values a t  t h e  h i ghes t  Mach numbers. F i g u r e  22 
i n d i c a t e s  t h e  envelope o f  t h e  measured ope ra t i ng  c o n d i t i o n s  f o r  t h e  ins t rumented  
b lade  s e c t i o n  d u r i n g  one speed sweep. 

Ro to r  d i s k  load ing .  - Represen ta t i ve  data i n  f i g u r e  23 show t h e  expected 
e f f e c t  o f  v a r i a t i o n s  i n  r o t o r  d i s k  loading.  Decreased l e v e l s  o f  v e h i c l e  l oad  
c o e f f i c i e n t  r e s u l t  i n  decreased l e v e l s  o f  normal - force c o e f f i c i e n t  a t  90-percent 
r o t o r  rad ius.  The 1 a rges t  decreases appear a t  t h e  low-speed, r e t r e a t i n g - b l  ade 
s i d e  o f  t h e  d isk .  The high-speed data show sorne s i g n i f i c a n t  changes i n  
pitching-moment c o e f f i c i e n t  f o r  t h e  advancing-blade s i d e  o f  t h e  d isk .  

Hover, Descents, Turns, and Pu l l -ups  

F l i g h t  da ta  f o r  t e s t  c o n d i t i o n s  o t h e r  than  l e v e l  f l i g h t  a re  reviewed 
b r i e f l y .  The data a re  in tended t o  i l l u s t r a t e  t r ends  and i d e n t i f y  reg ions  o f  
i n te res t .  

Hover. - Represen ta t i ve  hover data a re  presented i n  f i g u r e s  24 t h rough  27. 
~ i g u r n s h o w s  t h e  t y p i c a l  four th -quadran t  d is tu rbances  t h a t  can be a t t r i b u t e d  
t o  t a i l - r o t o r  e f f e c t s .  Tes t -po in t  s teadiness can be cons idered w i t h  t h e  da ta  o f  
f i g u r e  26; some e f f e c t s  o f  r o t o r  t h r u s t  and t r i m  are shown i n  f i g u r e  27. A l l  o f  
t h e  f i g u r e s  demonstrate t h a t  ve ry  s l  i g h t  winds, t y p i c a l  t r i m  v a r i a t i o n s ,  and 
t a i  1 - r o t o r  e f f e c t s  can produce s i g n i f i c a n t  v a r i a t i o n s  from t h e  p e r f e c t l y  steady 
c o n d i t i o n s  assumed i n  most hove r i ng - ro to r  analyses. 

Descent. - Some data f o r  descent c o n d i t i o n s  are shown i n  f i g u r e  28. These 
da ta  i n d i c a t e  t h a t  t h e  change f rom l e v e l  f l i g h t  t o  descent a f f e c t s  no t  o n l y  t h e  



1 eve1 o f  b l  ade-sect i on normal - f o r c e  requ i  red,  bu t  a1 so t h e  sever i  t y  o f  b l  ade- 
v o r t e x  i n t e r a c t i o n s .  

Maneuvers. 
f 1  i ah t  were ob t  
1  evGl f l  i ght. 

- Most o f  t h e  da ta  on b lade-sec t ion  aerodynamics f o r  maneuvering 
a ined  near p = 0.25 and a re  presented w i t h  r e fe rence  data f o r  
F i gu res  29 and 30 have t y p i c a l  l e v e l - f l i g h t  da ta  i n  t h e  f i g u r e  

fo rmats  which w i l l  be used f o r  subsequent data p resen ta t ion .  Those l e v e l  f l i g h t  
condi  t i ons a re  chosen as re fe rence  condi t i ons because t h e  maneuver data were 
ob ta i ned  a t  approx imate ly  t h e  same t ip -speed r a t i o s  and have t h e  same v a r i a t i o n  
of  Mach number w i t h  b lade  azimuth p o s i t i o n .  

Data f o r  descending t u r n s  a re  g iven  i n  f i g u r e s  14 and 31 t o  34. F i g u r e  32 
shows t h a t  more normal f o r c e  ( a t  90-percent r a d i u s  and most azimuth angles)  i s  
r e q u i r e d  i n  t h e  t u r n  than  l e v e l  f l i g h t .  The numerous i n f l e c t i o n  p o i n t s  i n  t h e  
f i rs t -quad ran t  l e f t - t u r n  data i n d i c a t e  apparent b l  ade-vor tex i n t e r a c t i o n s .  
Another  p o i n t  o f  i n t e r e s t  i n  f i g u r e s  32 and 34 i s  t h e  r e d u c t i o n  i n  t h e  second- 
quadrant ampl i tude o f  p i t c h i n g  moments a t  c o n d i t i o n s  f o r  h i ghe r  values o f  
v e h i c l e  l o a d  c o e f f i c i e n t .  Th i s  agrees w i t h  observa t ions  ( r e f .  18) t h a t  v i  b ra -  
t i o n  l e v e l s  cou ld  a c t u a l l y  decrease w i t h  increased l oad  f a c t o r  du r i ng  some 
maneuvers. 

Data on symmetr ical  pu l l - ups  a r e  presented i n  f i g u r e s  15 and 35 th rough 39. 
The da ta  o f  f i g u r e  39 show t h a t  achievement o f  t h e  t e s t  p o i n t  r e q u i r e s  a  s i g n i f -  
i c a n t  inc rease  i n  b lade-sec t ion  normal f o r ces  over those f o r  l e v e l  f l i g h t ;  t h e  
da ta  a1 so show t h a t  b l  ade-sect i on ope ra t i ng  c o n d i t i o n s  have changed n o t i c e a b l y  
f r om t h e  p u l l - u p  t e s t  p o i n t  t o  a  p o i n t  o c c u r r i n g  l a t e r  i n  t h e  maneuver. 

F i g u r e  40 p resen ts  maneuver data f o r  t e s t  p o i n t s  t h a t  d i d  no t  meet t h e  
s tandard  c r i t e r i a  f o r  t e s t - p o i n t  cond i t ion .  These data i l l u s t r a t e  t h e  ex ten t  t o  
which t h e  c o e f f i c i e n t s  f o r  l e f t  and r i g h t  t u r n s  can d i f f e r  a t  lower  t ip -speed 
r a t i o s .  Subs tan t i a l  amounts o f  s u p e r c r i t i c a l  f l o w  a re  ind ica ted .  

Comparison o f  F l i g h t  Data With Theory and Wind-Tunnel Data 

The e f f e c t  o f  t he  r o t o r  environment on b lade-sec t ion  aerodynamics can be 
s t u d i e d  by comparing f l i g h t  data w i t h  bo th  wind-tunnel data and t heo ry  f o r  a i r -  
f o i  1  s  i n  two-dimensional , steady f low.  The w i  nd-tunnel data used h e r e i n  was 
ob ta ined  from re fe rence  20. A d d i t i o n a l  unpubl ished data a re  a l s o  used. The 
Reynolds numbers f o r  bo th  wind-tunnel t e s t s  were c l ose  t o  those f o r  fl i g h t .  The 
t h e o r e t i c a l  r e s u l t s  were ob ta ined  w i t h  t h e  t r a n s o n i c  a i r f o i l - a n a l y s i s  program 
descr ibed  i n  re fe rence  35. Appendix F p rov ides  d e t a i l s  o f  t h i s  a p p l i c a t i o n  o f  
t h e  computer program. The comparisons are developed us ing  bo th  a i r f o i l  coef-  
f i c i e n t s  and pressure d i s t r i b u t i o n s .  

Comparisons o f  a i  r f o i  1 p i t c h i n g  moment based on t h r e e  l e v e l  - f l  i ght  con- 
d i t i o n s  a re  presented i n  f i g u r e s  41 and 42. Values o f  pitching-moment coef-  
f i c i e n t  f o r  f l i g h t ,  wind-tunnel t e s t ,  o r  t heo ry  a re  based on common c o n d i t i o n s  
of Mach number and normal - force c o e f f i c i e n t .  The sca le  o f  t h e  moment data has 
s u f f i c i e n t l y  f i n e  increments t o  show c l e a r l y  t he  smal l ,  bu t  p o t e n t i a l l y  s i g n i f -  



i c a n t  d i f fe rences  i n  t h e  curves. These d i f f e r e n c e s  can be a t t r i b u t e d  t o  
severa l  causes: r o t o r - f l o w  e f f e c t s  i n  t h e  f l i g h t  data; accuracy o f  t h e  two- 
dimensional,  s teady- f low tunnel  data; 1  i m i t a t i o n s  of t h e  a i r f o i l  theory;  and t h e  
combined e f f e c t s  o f  accuracy and p r e c i s i o n  i n  t h e  comparisons. These f i g u r e s  
demonstrate t h a t  both f o r c e  and moment c h a r a c t e r i s t i c s  f o r  blade sec t ions  i n  a  
r e a l  r o t o r  environment cannot be p red i c ted  t o  a  h igh  degree o f  accuracy us ing  
a i  r f o i  1  data obta ined under simpl i f  i e d  f l o w  condi t ions.  

Data f o r  t h e  high-speed case o f  f i g u r e  42 were se lec ted  f o r  f u r t h e r  con- . 
s ide ra t i on .  D e t a i l s  o f  t he  data f o r  t h a t  f l i g h t  data are g iven i n  t h e  l i s t i n g s  
f o r  run  11 o f  f l i g h t  63 i n  Appendices D  and E. This  f l i g h t  p o i n t  was se lec ted  
as having both a  wide range o f  f l o w  cond i t i ons  and minimal i n d i c a t i o n s  o f  blade- 
vo r tex  i n t e r a c t i o n s .  

Comparisons o f  chordwise pressure d i s t r i b u t i o n s  f o r  f l  i g h t ,  w i  nd-tunnel , 
and theo ry  are g iven i n  f i g u r e  43. The wind-tunnel data f o r  t h i s  f i g u r e  con- 
s i s t  o f  unpubl ished, absol u te-pressure measurements (which a l l  ow a  more meaning- 
f u l  comparison). The agreement between the  f l  i ght  and t h e  w i  nd-tunnel r e s u l t s  
appears good f o r  t h e  t h r e e  cases considered. The agreement between f l i g h t  data 
and theory  i s  gene ra l l y  good except f o r  f i g u r e  43(b);  i n  t h a t  comparison, t h e  
most prominent d i f f e r e n c e  i s  t h e  s t reng th  and l o c a t i o n  o f  t h e  
upper-surface shock. I n  add i t i on ,  f i g u r e  43 shows t h a t  small d i f f e r e n c e s  i n  t h e  
pressure d i s t r i b u t i o n s ,  p r imar i  l y  i n  t h e  l e a d i  ng-edge and t r a i l  i ng-edge region, 
may c o n t r i b u t e  much t o  t h e  d i f f e rences  i n  pitching-moment c o e f f i c i e n t  between 
f l i g h t  data and theory. 

The cornparison of f l i g h t  measured pressure d i s t r i b u t i o n s  w i t h  theory  may be 
extended over a  wider  range than w i t h  wind-tunnel data s ince  t h e o r e t i c a l  methods 
a l l o w  a  b e t t e r  matching o f  the  f l i g h t  Mach number and l i f t .  F igure  44 presents 
comparisons between f l i g h t  data and a i r f o i l  theory  ( r e f .  35) a t  numerous blade 
azimuth angles f o r  run  11 o f  f l i g h t  63. I n  most cases, t h e  agreement i s  very 
good. Poorer agreement occurs between $ = 50° and 80° and between $ = 130° and 
140'. A t  t h e  lower azimuth angles, theory  overpred ic ts  t h e  s t reng th  o f  lower 
su r face  suc t i on  peak and g r e d i c t s  a  s t rong upper-surface shock ev ident  i n  t he  
f l i g h t  data. A t  9 = 140 , t h e  lower-sur face agreement o f  theory  w i t h  f l i g h t  
da ta  i s  comparat ive ly  poor a t  20-and 50-percent chord. 

F igures  45 through 49 present t he  r e s u l t s  o f  several  b r i e f  s tud ies  o f  
f a c t o r s  t h a t  could i n f l u e n c e  agreement between f l i g h t  data and t h e  t h e o r e t i c a l  
p red i c t i ons .  F igu re  45 i n d i c a t e s  t h a t  p r e d i c t i o n  o f  t h e  upper-surface shock 
1  oca t i on  i s  no t  a  problem a t  I) = 70° u n t i l  t he  a i r c r a f t  reaches p = 0.33. 
S tud ies  o f  t h e  y = 0.37 case examined the  e f f e c t s  o f  a i r f o i l  contour  d e f i n i t i o n  
on t h e  t h e o r e t i c a l  pressure d i s t r i b u t i o n s .  Typica l  r e s u l t s  ( f i g .  46) i n d i c a t e  
o n l y  t h a t  t h e  program i s  very  s e n s i t i v e  t o  t he  smoothness of i n p u t  a i r f o i l  coor- 
d i  nates. Even w i t h  eval ua t ions  a t  o the r  t e s t  cond i t ions ,  no f u r t h e r  conclus ions 
c o u l d  be drawn about t h e  e f f e c t  o f  contour tolerences. Next, t h e  computer 
program was mod i f i ed  t o  account f o r  yawed f l o w  by t h e  appropr ia te  t h i n n i n g  o f  
t h e  a i r f o i l  sec t i on  and an increase o f  t he  free-stream Mach number. As i n d i -  
ca ted  i n  f i g u r e  47, t h i s  simpl i f i e d  method produced a  n e g l i g i b l e  change a t  9 = 
70°. Resu l ts  o f  s i m i l a r  computer-program s tud ies  f o r  I$ = 140° a re  presented i n  
f i gu res  48 and 49. Other, u n i l l  u s t r a t e d  r e s u l t s  showed no s i g n i f i c a n t  improve- 



ment i n  p r e s s u r e - d i s t r i b u t i o n  agreement a t  $ = 70' and 140' when t h e  computer- 
program i n p u t s  were a l t e r e d  t o  account f o r  accuracy l i m i t a t i o n s  i n  t h e  Mach 
numbers, normal - f o r c e  c o e f f i c i e n t s ,  and o t h e r  re1 evant parameters o f  t h e  fl i g h t  
data. 

Pressure d i s t r i b u t i o n s  may a l s o  be a f f e c t e d  by phenomena t h a t  a re  beyond 
t h e  scope o f  t h i  s  r epo r t .  B l  ade boundary-1 ayer  compl e x i t  i es ,  such as sepa ra t i on  
and rotor -wake e f f e c t s  cou ld  be impor tant .  Another r e l e v a n t  phenomenon i s  t h e  
unsteady Mach number e f f e c t  c i t e d  i n  re fe rence  36. The more complex t rea tment  
o f  three-dimensional t r a n s o n i c  f l o w  i n  re fe rence  37 suggests another  p o t e n t i a l l y  
s i g n i f i c a n t  e f f e c t .  

I n  general  , t h e  present  s tudy i n d i c a t e s  t h a t  v iscous two-dimensional t r a n -  
son i c  a i  r f o i  1 t heo ry  f o r  steady f l o w  y i e l d s  a good approx imat ion o f  b l ade -sec t i on  
p ressure  d i s t r i b u t i o n s  p rov ided  t h a t  t h e  ope ra t i ng  c o n d i t i o n s  (Mach number and 
e i t h e r  l i f t ,  normal force,  o r  angle o f  a t t a c k )  a re  we l l  def ined,  and t h a t  l o c a l  
b l  ade-vor tex i n t e r a c t i o n s  a re  minimal . 

CONCLUDING REMARKS 

A f l i g h t  i n v e s t i g a t i o n  has been conducted w i t h  a  t e e t e r i n g - r o t o r  h e l i c o p t e r  
t o  o b t a i n  data on t h e  aerodynamic behavior  o f  ma in - ro to r  blades hav ing t h e  
s e c t i o n  con tour  o f  t h e  NLR-1T a i r f o i l .  Chordwise pressure d i s t r i b u t i o n s  a t  90- 
percen t  r o t o r  r a d i u s  and t h e  f l i g h t  s t a t e  o f  t h e  r o t o r  were measured. 

Resu l t s  show a wide v a r i e t y  o f  aerodynamic ope ra t i ng  c o n d i t i o n s  f o r  t h e  
ins t rumented  b lade  sect ion.  Data are presented on apparent b lade-vor tex  
i n t e r a c t i  ons, b l  ade-sect i on negat i ve  1 i ft a t  h i gh  Mach numbers, and a v a r i e t y  o f  
c o m p r e s s i b i l i t y  e f f e c t s .  Good agreement was achieved between most pressure 
d i s t r i b u t i o n s  frorn f l i g h t  and those from theo ry  t h a t  assumes steady, two- 
dimensional ,  v iscous, t r a n s o n i c  f low. The p r imary  cornparisons were l i m i t e d  t o  a  
f l  i ght  c o n d i t i o n  w i t h  no obvious e f f e c t s  o f  b lade-vor tex  i n t e r a c t i o n  o r  unsteady 
e f f e c t s .  Apparent b l  ade-vortex i n t e r a c t i o n s  a f f e c t e d  t h e  measured chordwi se 
p ressure  d i s t r i b u t i o n s  by i n t r o d u c i n g  d is tu rbances  t h a t  were s i g n i f i c a n t  over  
t h e  fo rward  p o r t i o n  o f  t h e  b lade sect ion.  



APPENDIX A. - SRBI PRESSURE DATA SYSTEM 

Sensors and I n s t a l l a t i o n  

Each of t h e  13 p ressure  t ransducers  was mounted t o  g i v e  accura te  read ings  
of aerodynamic p ressure  a t  a p o i n t  on t h e  sur face  o f  t h e  inst rumented blade. 
The sens ing element o f  each absol u te -p ressure  t ransducer  cons i s ted  o f  a very 
sho r t ,  strain-gauged, sealed can w i t h  a 0.64-cm diameter;  t h e  can was bonded t o  
a p l a te .  As i n d i c a t e d  i n  f i g u r e  7, two posts  t h a t  p r o j e c t e d  f rom t h e  i n n e r  sur-  - 
f a c e  o f  t h e  cover  p l a t e  l o c a t e d  and secured bo th  t h e  t ransducer  p l a t e  and rubber  
mount ing pad. Mount ing pads and spacers f o r  t h e  posts  were ad jus ted  t o  h o l d  t h e  
t r ansduce r  assembly w i t hou t  t r a n s m i t t i n g  s t r u c t u r a l  loads. (Th is  was v e r i f i e d  . 
i n  t h e  b lade  loads c a l i b r a t i o n ) .  The cover p l a t e s  were secured and t h e  c a v i t i e s  
sea led  so t h a t  t h e  t ransducer  responded o n l y  t o  ex te rna l  pressure a p p l i e d  
th rough a 0.8-mm o r i f i c e  i n  each cover  p l a te .  The sur face  a t  90-percent r o t o r  
r a d i u s  was then  f a i r e d  and smoothed be fo re  t h e  con tour  was measured. Tests on 
sample b lade  segments i n d i c a t e d  t h a t  l o c a l  pressures, i n  t h e  range measured i n  
f 1 i ght  , produced no measurable l o c a l  deformat ion. Typ ica l  t ransducer  i n s t a l  1 a- 
t i o n s  a re  shown i n  f i g u r e s  8 and 9. 

The frequency response o f  t h e  t y p i c a l  i n s t a l l e d  t ransducer  was f l a t  w i t h i n  
.6 percen t  o f  t h e  e x c i t a t i o n  pressure l e v e l  up t o  200-Hz frequency. The 
n i n s t a l l e d  t ransducer  had a resonant f requency o f  about 23,000 Hz. Each t r a n s -  

ducer  was t e s t e d  as i n s t a l l e d  because t h e  shape and volume o f  t h e  c a v i t i e s  were 
n o t  i d e n t i c a l .  Resu l ts  showed t h a t  t h e  va lue o f  resonant f requency f o r  t h e  
i n s t a l l e d  u n i t s  ranged between 800 and 900 Hz. 

Temperature and a c c e l e r a t i o n  e f f e c t s  were a1 so eval  uated. Transducer 
i n s t a l l a t i o n ,  which o r i e n t e d  diaphragm approx imate ly  p a r a l l e l  t o  t h e  r o t o r  
d i s k ,  reduced c e n t r i f u g a l  and C o r i o l  i s  e f f e c t s  t o  negl i g i  b l  e l e v e l s .  Labora to ry  
t e s t s  showed t h a t  s teady-s ta te  a c c e l e r a t i o n  perpendi c u l  a r  t o  t h e  diaphragm 
produced l e s s  than  10 Pa response per  g u n i t .  F l i g h t  t e s t s  w i t h  t ransducers  i n  
competely sealed c a v i t i e s  i n d i c a t e d  t h a t  a l l  a c c e l e r a t i o n  and v i b r a t i o n  com- 
ponents produced negl i g i  b l  e e f f e c t s  on t h e  pressure data. Labora to ry  ca l  i bra -  
t i o n s  determined values f o r  temperature s e n s i t i v i t y  and zero s h i f t s  f o r  each 
t ransducer .  Blade temperature was measured i n  t h e  pressure- t ransducer  c a v i t y  
a t  60-percent chord on t h e  upper sur face.  An e x p l o r a t o r y  f l i g h t  was made w i t h  a 
second t h e r m i s t o r  t e m p o r a r i l y  l o c a t e d  on t h e  upper sur face  a t  10-percent chord; 
t h e  r e s u l t i n g  da ta  i n d i c a t e d  t h a t  t h e  standard, rearward sensor gave reasonable 
v a l  ues. The temperature sensed a t  60-percent chord was u t i  1 i zed subsequent ly  i n  
a p p l y i  ng c o r r e c t i o n s  f o r  a 1 b1 ade sensors. A1 though sources o f  v i  scous 
hea t ing ,  convec t i ve  cool  i ng, and s t r u c t u r a l  hea t i ng  cou ld  no t  be u n i f o r m l y  d i s t r i -  
buted, b lade  temperature g rad ien t s  appeared t o  be mi ld ;  p o s s i b l y  t h i s  was due t o  
t h e  c o n d u c t i v i t y  o f  t h e  a1 uminum subs t ruc tu re  and t h e  i n s u l a t i n g  p r o p e r t i e s  o f  
t h e  c o v e r i  ng honeycomb and f i berg1 ass. 

Pressure-Data E l e c t r o n i c s  

SRBI s i gna l  c o n d i t i o n i n g  f o r  t h e  pressure and b lade temperature sensors 
was l o c a t e d  on an e l e c t r o n i c s  board mounted i n  a c a v i t y  on t h e  lower  su r f ace  a t  



t h e  b l ade  t i p  ( f i g .  11,) Sho r t  l eads  c a r r i e d  t h e  analog pressure-data s i g n a l s  
frorn each sensor t o  t h e  pressure-data e l e c t r o n i c s .  The e l e c t r o n i c s  produced 
m u l t i p l e x e d  PCM s i g n a l s  t h a t  were sent t o  a  t e rm ina l  a t  t h e  b lade r o o t  and f rom 
t h e r e  t o  t h e  mast-mounted c a n i s t e r .  The proper  a i  r f o i  1  coord i  na tes  were main- 
t a i n e d  by f a i r i n g  i n  t h e  e l ec t ron i cs -boa rd  cover p l a t e  and r o u t i n g  a l l  leads 
beneath t h e  honeycomb. 

P r e f l  i ght  Cal i b r a t i o n  

Bo th  pressure and temperature sensors were l a b o r a t o r y  c a l i b r a t e d ,  and t h e  
e n t i r e  pressure system was c a l i b r a t e d  be fo re  each f l i g h t .  The f i x t u r e  shown i n  
f i g u r e  11 was clamped over  t h e  90-percent b lade r a d i u s  p r i o r  t o  each f l i g h t .  
Three l e v e l s  o f  pressure were app l i ed :  ambient, 96.53 kPa (14.00 p s i )  and 62.05 
kPa (9.00 p s i ) .  Pressure was measured by a  gauge l o c a t e d  i n  s e r i e s  w i t h  t h e  
vacuum pump; s u c t i o n  was appl i e d  s imu l taneous ly  t o  a1 1  c a v i t i e s  through mani- 
f o l d s  i n  each b lock  o f  t he  f i x t u r e .  F l e x i b l e  s e a l i n g  m a t e r i a l  on each b lock  
assured an adequately t i g h t  f i t. S t a t i c  check-cal i b r a t i o n s  gave h i g h l y  l i n e a r ,  
r epea tab le  r e s u l t s .  Each p r e f l  i ght  ca l  i b r a t  i o n  determined t h e  sensi  t i v i  t e s  and 
zeros f o r  t h e  pressure system f o r  t h a t  f l i g h t .  



APPENDIX 0. - PRESSURE DATA REDUCTION 

The da ta - reduc t i on  process operated on a l l  o f  t h e  data ob ta ined  f o r  each 
des igna ted  t e s t - p o i  n t  t ime. A computer program processed a1 1 t h e  f l  i g h t  data. 
F i r s t  i t  reduced f l i g h t - s t a t e  and o t h e r  data f rom t h e  PADS records f o r  one p o i n t  
i n  t ime;  i t  then  reduced data f o r  b lade-sec t ion  aerodynamics and b lade  loads f o r  
t h e  r o t o r  r e v o l u t i o n  c o n t a i n i n g  t h a t  t ime. Many o f  t h e  data se ts  o f  re ference 
18 p r o v i d e  r e s u l t s  f o r  t e s t  p o i n t s  l i s t e d  i n  t h i s  r epo r t .  

Values o f  co r rec ted ,  dimensional  pressure were computed f o r  each pressure t r a n s -  
ducer  f o r  every  two degrees o f  r o t o r  azimuth. Temperature e f f e c t s  were cor -  
r e c t e d  by t h e  method o f  r e fe rence  30 and us ing  t h e  cons tan ts  g iven  i n  Table V. 
The t i m e  f o r  each channel was incremented t o  account f o r  m u l t i p l e x i n g .  Time was 
a l s o  ad jus ted  f o r  t h e  l a g  i n t r oduced  by t h e  response dynamics of t h e  pressure 
system (Appendix C and Table V ) .  Simultaneous se ts  o f  pressure data f o r  a l l  13 
t ransducers  were computed by us ing  1 i near  i n t e r p o l  a t  i on between t h e  measured, 
c o r r e c t e d  da ta  po in t s .  

These data were conver ted t o  nondimensional pressure c o e f f i c i e n t s .  Ro to r  
az imuth and r o t a t i o n a l  speed were r e q u i r e d  f rom SRBI data;  t r u e  airspeed, a i r  
dens i t y ,  and s t a t i c  pressure were ob ta ined  f rom PADS data. The nondimension- 
a1 i z i  ng va1 ues o f  b l  ade-sect i on dynami c pressure were ca l  c u l  a ted  f o r  t h e  f 1  ow 
cornponent normal t o  t h e  b lade  l e a d i n g  edge; yawed f l o w  was not  considered. The 
accuracy o f  t h e  r e s u l t i n g  pressure c o e f f i c i e n t s  v a r i e s  w i t h  r o t o r  azimuth and 
t ip-speed r a t i o ,  bo th  o f  which a f f e c t  l o c a l  dynamic pressure. 

A i r f o i l  f o r c e  and moment c o e f f i c e n t s  were ob ta ined  us ing  t h e  i n t e g r a t i o n  
methods o f  re fe rence  31. The se t  o f  r e q u i r e d  i n p u t s  f o r  those methods c o n s i s t s  
o f  t h e  p r e s s u r e - c o e f f i c i e n t  values, l o c a t i o n s  o f  t h e  pressure o r i f i c e s ,  Mach 
number, t r a i l i n g - e d g e  pressure c o e f f i c i e n t ,  and leading-edge s tagna t i on  po in t .  
Empi r i c a l  re1  a t i o n s h i  ps f o r  t h e  1 a t t e r  two i tems were developed w i t h  wi nd-tunnel 
data,  such as f rom re fe rence  20, and w i t h  r e s u l t s  f rom a i r f o i l - a n a l y s i s  computer 
programs o f  re ferences 35 and 38. The requ i red  va lue o f  t r a i l i n g - e d g e  pressure 
c o e f f i c i e n t  was computed f rom t h e  f o l l  owing emp i r i ca l  equat ion:  

As i n  re fe rence  31, s t agna t i on  p o i n t  was determined as a f u n c t i o n  o f  e f f e c t i v e  
ang le  o f  a t tack .  That angle was c a l c u l a t e d  as a f u n c t i o n  o f  Mach number and 
d i f f e r e n t i a l  -pressure c o e f f i c i e n t  f o r  10-percent chorcl as f 'ol l  ows: 

where km, a f u n c t i o n  o f  Mach number, i s  s imply  r e l a t e d  t o  l i f t - c u r v e  slope. 
( T h i s  e m p i r i c a l  express ion  r e f l e c t s  t h e  u t i l i z a t i o n  o f  a v a i l a b l e  data.). 

16 



Tables were used t o  compute va l  ues o f  x/c and y /c  assoc ia ted  w i t h  t h e  e f f e c t i v e  
ang le  o f  a t tack .  F i g u r e  50 p resen ts  p l o t s  o f  these t a b u l a t e d  values. 

Some e f f e c t s  o f  t h e  c u r v e - f i t  and i n t e g r a t i o n  method o f  r e fe rence  31 can be 
observed i n  f i g u r e  51. The automated c u r v e - f i t  method operated w i t h  values o f  
C ,/F given  as f u n c t i o n  o f  ,/x . F igu re  51  p resen ts  sample cases o f  
f ? i g h t  data w i t h  t h e  computer-generated curve f i t s  f o r  bo th  t h e  new and a con- 
v e n t i o n a l  coo rd ina te  system. The area between t h e  upper- and lower -sur face  
curves f o r  e i t h e r  p l o t  i s  equ i va len t  t o  normal - force c o e f f i c i e n t .  The method o f  
re ference 3 1  has t h e  advantage o f  ach iev ing  a  good f i t  f o r  s teep s u c t i o n  peaks 
a t  t h e  a i r f o i l  leading-edge ( f i g .  51(d ) ) .  I n  some cases, such as shown i n  
f i g u r e  51(a),  t h e  low number o f  pressure t ransducers  may have degraded t h e  
p o t e n t i a l  f o r  accura te  p r e s s u r e - f i e l d  r ep resen ta t i on  w i t h  t h e  c u r v e - f i t  r ou t i ne .  



APPENDIX C. - CORRECTIONS FOR THE DYNAMIC-RESPONSE CHARACTERISTICS 

OF THE PRESSURE-DATA SYSTEM 

Dynamic-response c h a r a c t e r i s t i c s  o f  t h e  SRBI pressure-data system produced 
some d i s t o r t i o n s  i n  t h e  da ta  records. As i n  most systems, t h e  p r imary  c r i t e r i o n  
f o r  j udg ing  these  c h a r a c t e r i s t i c s  i s  t h e  3db o r  c u t o f f  f requency ( t h e  f requency 
of a s i  nusoi  da l  i n p u t  s i  gnal which produces 3db a t t enua t i on ) .  A1 though 
re fe rence  30 i n d i c a t e d  t h a t  t h e  c u t o f f  f requency was 200 Hz f o r  pressure data, 
t h e  ac tua l  values were determined t o  be l e s s  (Table V). Var ious c o r r e c t i o n  
techn iques  were evaluated, and t h e  frequency con ten t  o f  t h e  da ta  records was 
reviewed. As a r e s u l t ,  a s imple t ime - l ag  c o r r e c t i o n  was determined t o  be 
appropr ia te .  

I n i t i a l l y ,  t h e  z - t rans fo rm method was eva lua ted  because i t  was t h e  most 
p rom is i ng  means of c o r r e c t i n g  b o t h  phase and ampl i tude  e f f e c t s  on t h e  d i g i t a l  
r eco rds  ( r e f .  39). A f i  r s t - o r d e r  i n t e r p o l  a to r ,  r ep resen t i ng  t h e  d i g i t a l  
sampl ing o f  a cont inuous system, was combined w i t h  a compensating network t o  
y i e l d  t h e  f o l l  owing Lap1 acc equat ion:  

where T i s  t h e  sampl ing increment i n  seconds, Uc i s  t h e  cu to f f  frequency, and K 
i s  t h e  r a t i o  o f  e f f e c t i v e  t o  ac tua l  c u t o f f  frequency. When t h e  s u b s t i t u t i o n  o f  

z = eST i s  made, t h e  time-domain r e s u l t  i s  g i v e n  as: 



where t i s  t ime, F  and Fc a r e  uncor rec ted  and c o r r e c t e d  responses, r e s p e c t i v e l y ,  
and t h e  o t h e r  cons tan ts  are:  

K2 = K  (Kg - 1 - TQ Kg) + 1 - Kg 

Th i s  approach was eva lua ted  w i t h  an i n p u t  f u n c t i o n  o f  a  un i t - amp l i t ude  
cos ine  wave w i t h  f requenc ies  between 10 and 200 Hz. The ou tpu t  f u n c t i o n s  were 
h a r m o n i c a l l y  analyzed, and t h e  r e s u l t i n g  c o e f f i c i e n t s  a re  shown i n  f i g u r e  52. 
The s o l i d  l i n e  i s  t h e  adjustment r e q u i r e d  i f  t h e  system was p u r e l y  analog. The 
zero -o rder  h o l d  method over-compensated, b u t  t h e  f i r s t - o r d e r  h o l d  v e r s i o n  o f  t h e  
Markel  method ( r e f .  39) appeared t o  g i v e  good r e s u l t s .  

P rocess ing  o f  data f o r  se lec ted  t ime  segments l e d  t o  t h e  s e l e c t i o n  o f  a  
s imp le  l a g  co r rec t i on .  F i gu re  53 p resen ts  f a i r l y  a c t i v e  data records w i t h  and 
w i t h o u t  p rocess ing  by a  z - t rans fo rm compensating network; t h a t  f i g u r e  a1 so per-  
m i t s  a  co~npar i  son between t h e  compensate2 data and a  12-harmonic r e c o n s t i t u t i o n  
o f  t h a t  curve. The r e s u l t s  o f  t h i s  and o t h e r  s tud ies  show t h a t  t h e  frequency 
con ten t  o f  t he  data i s  not  s u f f i c i e n t l y  h i gh  t o  warrant  more than  a  l a g  cor rec -  
t i  on. Such a  c o r r e c t i o n  i s  c o n s i s t e n t  w i t h  t h e  constant -de l  ay analog f i l t e r s  
used i n  t h e  SRBI pressure system. 

The de lay  t irne f o r  each channel was c a l c u l a t e d  w i t h  t h e  f o l l o w i n g  equat ion:  

where f i s  t h e  i n p u t  frequency, f3db i s  t h e  c u t o f f  f requency and t h e  a r c  t a n  e n t  ! i s  expressed i n  radians. The r e s u l t i n g  values a re  g iven Table V. The p  ase 
ang le  s h i f t  may a l s o  be expressed as a  f u n c t i o n  o f  harmonic f requency f o r  t h e  
t e s t - v e h i c l e  r o t o r .  F i gu re  54 presents  a  comparisori between r e s u l t s  f o r  t h e  
cons tan t -de lay  approx imat ion used i n  data reduc t i on  and t h e  de lay o f  equa t ion  
(C-2). 



APPENDIX D. - AIRFOIL PRESSURE COEFFICIENT DATA 
Computer-generated 1 i s t i  ngs o f  a i  r f o i  1 pressure c o e f f i c i e n t  data a re  iden-  

t i f i e d  i n  terms o f  f l i g h t  number, r un  number, and t ime. A l so  g iven  a r e  t ip -speed 
r a t i o  (MU), v e h i c l e  l o a d  Eoeff i c i  e n t  (CLP) , and b lade  temperature (TEMP(U60)). 
One column o f  p ressure  c o e f f i c i e n t  data i s  g iven  f o r  each pressure o r i f i c e  
l o c a t i o n ,  as des ignated by a va lue  o f  x/c (X/C) .  No va lue  i s  g iven  f o r  t h e  
35-percent-chord, upper-surface l o c a t  i o n  due t o  i n s t r u m e n t a t i o n  l ead  problems. 

The da ta  o f  Table V I  serves as a guide f o r  t h e  con ten ts  o f  t h i s  appendix. 



AIRFOIL  PRESSURE DATA .9 BLADE RADIUS 

FLT 61 R U N 2 6 0  TIME 55556.200 

UPPER SURFACE C P  VALUES 
X/C= .02 . 10  .20 . 35  

AZIMUTH 

LOkER SURFACE C P  VALUES 
- 7 0  . R O  .90  .02 .10 - 2 0  .50 ~ 7 0  e90 

FLT 6 1  RUN26P 



A I R F O I L  PRESSUIE DATA .9 BLADE RADIUS 

FLT 6 1  RUN 2 5 8  T I f l E  5 5 5 5 6 . 2 0 0  

UPPEP SURFACE CP VALUES 
X/C= . 0 2  e l 0  . 2 0  .35  . 5 0  

AZIf lUTH 

LOWER SURFACE CP VALUES 
70  .on . sn .02 -10 .20  - 5 0  . 7 0  - 9 0  

FLT 6 1  RUN26R 



A l R F O I L  PRESSU8E DATA .9 BLADE RADIUS 

FLT 6 1  RUN 2 6 6  TIME 5 5 5 5 6 . 2 0 0  

UPPEC SURFACE C P  VALUES 
X / C =  002 . 1 0  6 2 0  . 3 5  -50 

AZIHUTH 

NATA-LAYGLFY AH-1G 7 8 / 1 0 /  1 2 .  

LOWER SURFACE CP VALUES 
7 0  . 5 3  ~ 9 3  . 0 2  a 1 0  . 2 0  - 5 0  - 7 0  - 9 0  

FLT 6 1  RUN269 



A I R F O I L  PRESSURE DATA a 9  BLADE RADIUS 

FLT 6 1  RUN 2 0 8  T I M E  5 5 5 5 6 . 2 0 0  

UPPER SURFACE CP VALUFS 
X / C =  . 0 2  . l o  . 2 0  . 3 5  

AZIMUTH 

h h f  A-L AUGLFY AH-1G 7 6 1 1 0 1 1 2 .  

LOWER SURFACE C P  VALUES 
. 5 0  - 7 0  .90 . Q O  e02 . l o  . 2 0  - 5 0  e70  . 9 0  

F L T  6 1  RUN268 



AIRFOIL PRESSURE DATA - 9  BLADE RADIUS 

FLT 6 1  RUN 2 6 8  TIME 55556.200 

UPPER SURFACE CP VALUES 
X / C =  .02 - 1 0  .20 .35 - 5 0  

AZIMUTH 

MU= 0.000 CLP- a00339 TEMP (U601= 1 2 . 7  C 1 5 4 . 8 2  F 

LONER SURFACE CP VALUES 
- 7 0  - 8 0  e90 * 0 2  .10 020 . 5 O  .70 .90 

FLT 6 1  RUN260 



A I R F O I L  PRESSUSE 3 A T A  a 9  kLAOE RADIUS 

FLT 6 1  RUN 2 6 8  T I  5 5 5 5 6 . 2 0 0  

UPPER SURFACE CP VALUES 
XIC.  . 0 2  .LO 0 2 0  .35 e 5 0  

AZIMUTH 

N A f  4 - L A Y G L E Y  AH-1G 7 8 1 1 0 1 1 2 .  

LOWER SURFACE CP VALUES 
.70 .90 . 9 0  .02  . l o  0 2 0  m50 .70 . 9 0  

FLT 61 RUN269 



A I R F O I L  P D F S S ! J R F  D A T A  . Q  R L A D F  R A q I I J S  

F L T  h 3  Pllhl 1 T I M F  5371R.300 

U P P F P  T U R F A C E  C P  V A L I J F S  
X l C .  02 .I6 .20 . 3 5  .50 

bZTMUfH  

0. 
2. 
4 .  
6 
8 .  

10. 
12. 
14. 
lh. 
18. 
to. 
22. 
3 4 .  
26. 
2P. 
30. 
32. 
3 4 .  
36. 
38. 
46. 
42. 
4 4 .  
4 6 .  
4 8 .  
5 0 .  
5 2 .  
5 4 .  
5 6 .  
5 8 .  

LOWER S U R F A C E  C P  V A L U E S  
70 .80 -90 .02 el0 .20 -50 -70 a 9 0  

F L T  6 3  RUN1 



ATRFPTL P R C S S U R E  DATA .9 RLAOE RA3IUS 

FLT 03 Dl lN  1 T I M E  53718.300 

U P P F R  SURFACF C P  VALUFS 
Y / C =  .02 . 1 0  - 7 0  .35 .50 

hZT111lTH 

LOWER SURFACE CP VALUES 
e70 - 8 0  .90 .02 .10 .20 .50 70 -90 

F L T  6 3  RUN1 



ATRFOIC P P F 5 S l l R F  DATA a 9  RLADE RADIUS NASA-LANGLEY AN-lG 78/11/14, 

F L T  6 3  PUN 1 T T M E  53718.300 

UPPFP SllRFACF C P  VALUFS 
X / C =  . 0 2  el0 .20 .35 .50 

AZTMUTH 

LOWER SURFACE C P  VALUES 
70 e80 .90 e02 .10 .20 -50 .70 90 

F L T  6 3  RUN1 



FLT 67  Q ( I N  I TIME 5 3 7 1 8 . 3 0 0  

U P P E P  SUQFACE CP V 4 L U F S  

1 8 0 .  
1 P Z .  
1 9 4 .  
1 9 6 .  
1BR. 
1 9 6 .  
1 9 7 .  
1 9 4 .  
1 9 6 .  
i 9 e .  
? OC. 
202 .  
204.  
? O h .  
208.  
?16 .  
2 1 2 .  
7 1 4 .  
216.  
219. 
2 7 0 .  
222.  
2 2 4 .  
2 76. 
Z 7 R .  
230. 
t 3 7 .  
234.  
2 3 6 .  
7 3 8 .  

NASA-LANGLFY AH-1G 7 8 / 1 1 / 1 4 .  

L O W E R  SURFACE CP VALUES 
- 7 0  -80 .9n . 0 2  . l o  .20 - 5 0  .70  .90  

FLT 6 3  RUN1 



A I Q F O I L  PRESZURF 0ATA -9 BLADE QADIUS NASA-LANGLFY AH-1G 7 8 / 1 1 / 1 4 .  

UPPEP fURFACE CP VALUES LOWER SURFACE CP VALUES 
Y / C  = . 0 2  .10 .2@ .35  5 0  - 7 0  - 9 0  . 9 0  . 02  - 1 0  .20 a 50  7 0  .90 

AZIPUTY 

FLT 6 3  RUN1 



F L T  63 RIJY 1 T I M F  53718.300 

I J P P F P  S I I R F A C E  CP VALUES 
X / C  a e02 .10 .20 .35 .50 

AZIWJTH 

NASA-LANGLFY AH-IG 7 8 1  111 1 4 .  

LOWER SURFACE C P  VALUES 
.70 .00 .90 eO2 .10 .20 .50 70 .90 

F L T  6 3  R U N 1  



A I Q F O t L  P Q E S S I J R E  D A T A  - 9  S L A D E  RADIUS R A S b - L A N G L E Y  A H - I  G 7 8 / 1 1 / 1 4 .  

F L T  5 3  R U U  T I M E  5 4 1 5 7 . 8 0 0  MU= - 2 5 7  C L P =  , 3 0 4 7 7  TF*o(lJbO)= 1 0 . 6  C  a 5 0 . 9 9  F 

U P P E R  SURFACF C P  V A L U E S  
.lo a 2 0  . 3 5  

SUEFACC 
a 5 0  

-. 0 7 7  
- a  075  
-a076  -. 0 8 6  
-a096 
- . l o 6  
- . I 1 1  
- . l o 9  -. 1 0 7  
- . I 1 0  
-a118  
- e l 2 6  
- . I 3 4  
-a136  
-a140  
- . 1 4 7  
- e l 5 4  
- e l 5 5  
- e l 5 3  -. 1 5 1  
- e l 4 9  -. 147 
- e l 5 9  -. 1 6 7  
- e l 7 4  -. 1 7 3  
- e l 7 1  
-a185  -. 1 8 4  
- . I 8 2  

FLT 63 DUN6 



4 I Q F O I L  P 2 E S S U Q E  DATA .9 S L A D E  R A D I U S  

F L T  53 QUU 6 T I P E  54157.600 

U P P F K  S U R F A C E  C P  V A L U E S  
Y I C  = .02 .10 .?O .35 .5G 

A Z I Y L I T H  

LOWER S U R F A C E  C P  \IALIJcf 
70 90 .90 .37 .10 .?O -50 - 7 0  .99  

F L T  6 3  DIIYC. 



C I ? F q I L  P R F S S l l R F  0 A T b  -9 R L A O E  R A D I U S  

F L T  53 QUN 6 T I M E  54157.800 

U p p E Q  5UQFhCE CP VALUES 
X / C =  .02 .LO .2 0 .35 .50 

4 2  I M U T M  

L O W E P  SURFACE CP V b L U C f  . ~n -90 .n7 .lo .20 50 .7n . oq 



A I ? F I I L  P u f F T l J R F  r ) 4 T t ,  ,9 R L A D E  RADIUS  

F L T  5 3  P U N 6  T I M E  54157.800 

U P P E R  9 U p F C C F  CP V A L U E S  
X l C =  .02 .I0 .20 .35 .50 

A Z I M U T H  

LOWER SURFACE CP V A L I J E T  
.70 .qo . QO .n7 .lo .20 .50 -70 .oo 



A I P F n I L  PQESSUQE OAT4 -9 PCAOE R A D I U S  

F L T  53 RUN h TTME 54157 .800  

UPPER SURFACE C P  VALUES 
Y I C =  . n 2  .IC) - 2 0  .35 .50 

A Z I Y U T H  

2 4 0 .  
7 4 2 .  
2 4 4 .  
2 4 5 .  
7 4 8 .  
2 5 0 .  
252 .  
2 5 4 .  
7 5 6 .  
7 5 9 .  
2 6 0 .  
7 6 7 .  
2 6 4 .  
7 6 6 .  
268 
2 7 0 .  
2 7 2 .  
274 .  
2 7 6 .  
2 7 8 .  
280 .  
2R2. 
2 8 4 .  
7 8 6 .  
ZRR. 
2 9 0 .  
2 9 2 .  
2 9 4 .  
2 9 5 .  
2 9 8 .  

LOWER SURFACE CD V A L ! I F I  
7 0  .80 .QO .O? . lO  .2 0  50  . 7'? .Q'l 



F L T  5 3  QCIN 6 T I P F  54157.800 

U p P y G  f l l Q F A C E  C P  VALUFS 
X I C =  .02 e l 0  .Zr) .35 .50 

A Z I M U T H  

NASA-LANGL EV 4 M - l G  7 8 / 1 1  /14. 

LOVEK S U R F A C E  C P  VAL IJF f  
-70 .RO . Q @  .O 7 .10 .20 .50 .70 



A r q r n I L  P Q c S Y l J 2 E  D A T A  .Q RLADE R A D I U S  

F L T  h 3  Q U V  9 T I M F  54467.200 

L l P P F Q  SURFACE C p  VALUES 
X I C -  .02 .13 ..?O e 3 5  .50 

AZTMUTu 

L O W E E  SURFACE CP V A L U E ?  
.70 . P O  .90 .02 .10 .20 -50 70  .99 



A I R F g I L  D Q E S t U ? E  DATA .9 9 L b 3 E  RADIUS  

F L T  5 3  9UN 9 T I M E  54457.200 

UPsER SURFACE CP VALUES 
X IC = .02 .lo .ZO .35 -50 

A Z I Y U T H  

LOWER SURFACE C D  VALI IFT  
-70 .PO .cO .O? .10 .20 .50 .70 . qr )  



A I R F O I L  P Y E S S U 9 E  n A T A  -9 B L A D E  R A D I U S  

F L T  5 3  RUY 9 T I M E  54467.200 

I J P P E R  S l l R F A C E  C P  V A L U E S  
X / C =  -02 .lo .20 .35 .50 

A Z I Y U T t i  

LOWER S U R F A C E  C P  V A L l l F f  
.70 . eo .qo .02 .lo .zo . 5 0  .70 .qn 

-.a31 
-a842 -. 860 -. 871 
-.a87 
-.a93 -. 905 
-.917 
-.930 
-.942 
-.912 
-.727 
-.574 
-.505 
-.4R7 
-.469 
-.450 
-.426 -. 396 
-.375 
-.347 
-.315 
-.290 
-.264 
me238 
-.210 
-.I80 -. 149 -. l l t  
-.Of32 

F L T  6 3  QUw9 



h I ' F 3 T L  P P C F T U q F  D A T A  .9 9 L A D E  k A 3 I U S  h A S A - L A M G L F Y  AH-1 6 78/11 /14. 

U p P E 2  S U Q F A C F  C P  V A L U E S  LOWER S l l R F A C E  CP V A L l I F q  
x rc = .02  .lo .zn .35 .50 .70 .PO -40 .02 -10 .20 .50 -70 .or) 

L Z I Y ' J T Y  



U P P E R  S U R F A C E  C P  V A L U ~ S  

NASA-LANGLEY AH-16 78/11 114. 

LOWER S U R F A C E  C Q  V 4 L I I F S  
.70 .80 .90 .07 .lo .20 .50 -76 .QO 



A I R F O I L  P Z E S S U R E  D A T A  e 9  R L A O E  R A D I U S  

F L T  5 3  PUN 9 T I P E  54467.200 

U P P E R  SURFACE CP V A L U E S  
X I C *  .02 .10 .20 .35 .50 

A Z I Y UTH 

LOWER SURFACF CP \ I A L I J C S  

- 7 0  . eo 9 0  .r)7 . l o  .20 .50 .70 . at1 



A I P F Q I C  P Y E S S U q F  O A T A  - 9  RLAUE R A 0 I U S  

F L T  6 3  RU'4 1 0  T I  54541 .600  

U P P E R  S U Q F A C E  C P  V A L U t S  
X l C =  .02 .10 .20 .35 .50 

AZIYUTP 

LOWER SURFACE CP V A L t I F I  
.70 . RO .90 . 07 .10 .20 - 5 0  7 0  .90 

F L T  6 3  P U N 1 3  



A I ? F n I L  PRESSURE DATA - 9  SLADE RADIUS  

F L T  53 RUN 10 T I M E  54541.600 

UPPER SIJPFACE C P  VALUES 
X IC* .02 .10 .20 .35 .50 

AZIMUTH 

LOWER SURFACF CP VALUFT  
.70 -80 .90 .n? .lo 7 0 .50 -70 . a 9  

F L T  63 Q U N l O  



A l Q F I ? I L  PRESI ' JRF  DATA .9 RLADE R A D I U S  

F L T  ' 13  RUV 1 0  T I M E  5 4 5 4 1 . 6 0 0  

U P P E R  S U Q F h C E  C P  VALUFS 
Y IC .  - 0 2  .10 .20 .35 e50 

AZIYUTH 

1 2 0 .  ,561  - a 7 7 9  - .354 -. 5 0 1  
1 7 2  a557 - .?A2 - .32h  - .488 
1 7 4 .  - 5 5 2  - . 2 9 1  - . 3 0 4  -.492 
1 2 6 .  ,548 - .290  - .232  -.4YO 
12'3. ,544  - .303  - a 2 7 7  -.487 
1 3 3 .  , 5 4 0  - 0 3 1 3  - . 7 A l  -.484 
1 3 2 .  , 5 3 7  - . 3 7 1  - .793 - .454  
1 3 4 .  a577 - a 3 2 6  -.306 - .440  
1 3 6 .  ,526  - .331  -.320 -.418 
1 3 8 .  .520 -.32R -.333 -. 415 
1 4 0 .  ,512 - .331  - .336 -.413 
1 4 2 .  ,509  - . 3 3 7  - .373  - .417 
1 4 4 .  ,497  me343 - .331  -.404 
1 4 5 .  .490  - .349  -.33Y -. 390 
1 4 8 .  .496 - .345 - .344 - .378 
1 5 0 .  ,476 - .362 - .351  -.372 
1 5 2 .  .467 - .370  - .354  -. 3 6 3  
1 5 4 .  , 4 4 1  - . 3 9 0  - .351  -. 367 
1 5 6 .  ,470 - a 3 9 9  -.354 -. 368 
15  8  .389 - . 4 2 l  - .3h2 - .377 
1 6 0 .  ,367  - . 4 l R  - a 3 7 0  -. 386 
1 6 2 .  .346 - .442 - . 1 9 1  -.395 
1 6 4 .  .309 - . 4 6 7  - . 4 1 1  - .398 
1 6 6 .  .254 -.49fi - .428  - .401 
1 6 8 .  .213 - .537  - .443 -.404 
1 7 0 .  1 - .5hh  - .4h3  -.4C7 
1 7 2 .  . I 0 6  - .597 -.4R9 -.418 
1 7 4 .  ,055 - .673 - .507  - .421 
1 7 6 .  -no15 - . 6 8 0  - .530  -.427 
1 7 8 .  -.085 - .71h  - .549 - .439 

NASA-LANGLFY CH-1C 7 8 / 1 1  1 1 4 .  

LOWER SUPFACE CP VALUE? 
.70 .eo - 9 9  .n2 . l o  .20 .50 .7r) . ~ r )  



C I P F O I L  P R E S S U P E  D A T A  .9 R L A D E  R A D I U S  

F L T  53 R U N  1 C  T I M E  54541.600 

U P P E R  S U R F A C E  C P  V A L U E S  
K / C =  .02 .10 .20 .35 .50 

A Z I Y U T H  

L O W E R  S U R F A C E  C D  V b L l l c t  
.70 .80 90 07 .I0 .2 0 -50 .70  . Q'l 

F L T  63 Q U N Y C  



AIRFCI IL  PRESSURE 0 4 1 4  .9 BLADE H A D I U S  

F L T  '53 RUN 10 T I K E  54541.600 

U P P E Q  SURFACE C P  V A L U E S  
Y t C =  .O 2 el9 .20 .35 .50 

A Z I Y U T H  

740. -3.280 -1.722 -1.035 -.579 
242. -3.177 -1.715 -1.533 -.569 
244. -3.103 -1.706 -1.017 -. 565 
246. -3.031 -1.693 -1.026 -.576 
249. -3.000 -1.692 -1.015 -.586 
750. -3.000 -1.702 -1.024 -.595 
252. -7.008 -1.681 -1.006 -.574 
254. -3.033 -1.h75 -1.014 -.571 
255. -3.019 -1.673 -.950 -.578 
258. -1.000 -1.h65 -a953 -. 579 
260. -7.976 -1.655 -.9hl -.583 
762. -7.969 -1.hlP -.968 -.550 
264. -2.961 -1.673 -.'472 -.548 
266. -2.922 -1.631 -.93R -.551 
268. -2.904 -1.586 -.940 -. 594 
270. -7.P51 -1.569 -.941 -.552 
272. -7.804 -1.568 -.q40 -. 552 
2 74. -7.797 -1.564 -.930 -.551 
276. -2.786 -1.523 -.894 -.549 
27 8. -2.73P -1.502 -4889 -.546 
280. -2.703 -1.492 -.I383 -.542 
282. -2.645 -1.479 -.878 -. 537 
284. -2.604 -1.465 -.a73 -.533 
286. -7.574 -1.448 -.A63 -.541 
288. -2.503 -1.479 -.952 -.553 
790. -7.459 -1.409 -.a40 -.517 
297 -2.421 -1.387 -me27 -.509 
294, -2.380 -1.364 -.El3 -a514 
296. -2.296 -1.341 -.El6 -.529 
298. -2.249 -1.355 -.818 -. 5 19 

LOWER SURFACE CP VALUFT 
-70 .80 .90 .02 .10 .20 e50 70 .QO 



A I D F O I L  P R E S S U R E  D A T A  .9 B L A D E  RADIUS 

UPPER S U R F A C E  C P  V A L U E S  
X / C =  .02 .10 .20 .35 -50 

A Z I M U T H  

LOWER S U R F A C E  CD V A L I I E T  
.70 . R O  .90 -07 .LO .20 -50 -70 .OO 

F L T  63 R U Y l Q  



AIRFOIL P Q F 7 5 l J Q E  DATA .q  RLA0E RADIUS 

F L T  6 3  R U N  11 TIME 5 4 6 4 8 . 8 0 0  

UPPER SUQFACE CP VALUES 
X / C =  . 0 2  . 1 0  . 2 0  .35 - 5 0  

4 2  IMUTY 

NASA-LANGLFY by-16  7 8 / 1 1 / 1 4 .  

LOWER SURFACE C P  V A L U F S  
- 7 0  . 8 0  -90 . Q 7  . 1 0  .7 0  . 5 0  -70 . Q O  

- . 0 2 &  
- . O ? h  
- .07h 
- .025  -. 0 2 6  -. 0 3 5  
- e n 4 7  -. Of11 
-.n54 -. 0 5  7 -. 0 5 4  -. 0 6 7  -. Ohh -. Oh7 
- .077  -. 0 7 4  -. 0 8 7  -. OA 4 
-.Of33 -. 091 -. 1 0 1  -. 1 0 7  -. 1 0 9  
- a 1 1  7 
- . I 2 7  -. 1 3 0  
- e l 7 5  
- . I 3 3  

1 3 5  
-.I19 

F L T  63 p U Y l 1  



AIFFOIL P S E S S U S E  DATA .9 S L A D E  RADIUS H A S A - L A N G L E Y  AY-1 G  7 8 / 1 1  114. 

F L T  6 3  R U N 1 1  TIME 54648.800 & U s  .370  C L P .  - 00433  TEMPrU60)= 10.6 C  a 50.99 F 

U P P E R  SURFACE CP V A L U E S  LOWER SURFACE C P  VALUES 
X / C =  .02 .10 .2 0 .35 - 5 0  .70 .80 .90 .02 . 1 0  .20 . 5 0  -70 e90 

4ZIMUTM 

FLT 67 PUN11 



A T Q F f l I L  PRESSO?E DATA .9 8LADE R A D I U S  

F L T  6 3  QUU 11 T I M E  5 4 6 4 8 . 8 0 0  

UPPER SURFACE CP VALUES 
X / C =  .02 . 1 0  .20  .35 * 5 0  

4 7 1  MUTH 

LOWER SURFACE C D  \ l A l I I F ~  
. 7 0  .RO - 9 0  07 .10 .2 0  - 5 0  . 7 0  



AIRFflJL PRESSURE DATA .9 BLADE RADIUS NASA-LANGLEY AH-15 7 8 / 1 1 / 1 4 .  

FLT 53 RUN 11 T I P €  54649.800 MU= .370 CLP' a00433 TFYPfU60) '  10.6 C 50.99 F 

UPPER SIJRFACE CP VALUES LOWER SURFACE C P  VbLlJFS 
X l C *  .02  . 1 0  e20 .35 5 0  .70 .80 .90 .02 .10  .20 e50 .TO . Qrl  

A Z I 9 U T H  

FLT h l  RUN11 



A I R F O I L  P Q E S I I I q E  D 4 T A  .9 S L I D E  R A D I U S  

F L T  53  RUN 11 T I M E  5464P.800 

U P P E R  SUSFACE C P  VALUES 
X I C .  .02 .10 .20 .35 e50 

AZI ' IUTH 

NASA-LANGLFY AH-1G 78/11/14. 

LOWER SURFACE CP V A L l l c T  
a70 80 e90 .02 el0 .20 .50 .70 .OO 



A I Q F O I L  PRESSURE DATA .9 BLADE RADIUS 

FLT 5 3  QUN 11 T I M E  5 4 6 4 8 . 8 0 0  

UPPER SURFACE CP VALUES 
X / C =  . 0 2  .10  . Z O  .35 50 

AZIYUTH 

NASA-LANGLEY AH-IS 7 8 / 1 1 / 1 4 ,  

LOWER SURFACE CD VALUE5 
.70 . 6 0  - 9 0  . 0 2  . L O  .2 o - 5 0  .70 .qn 



A I R F O I L  PRESSUBE O A T C  - 9  9LADE RADIUS 

FLT 65 9Uh 15 T I K E  54434.400 

U P P E R  SURI-ACE C P  V b L U E S  
X / C =  $ 0 2  .10 .20 . 3  5 .5G 

AZIHUTH 

-. 296 -. 263 
-.23b -. 20E 
-.A L3 
-$15G 
-.125 -. 1 G2 
-.07b 
-.u63 -. 041 -. G21 . OCb 

,023 
,039 
eO55 
eUb7 
078 

,099 
,103 
,120 
,133 
143  

.1s2 

.I62 
,172 
. I 7 0  
,179 
,179 . 1 b6 

- 0  6 3  . Ob2 
.oao 
- 0 7 9  
.077 
.076 . Obl  
.OYO 
.091 
.090 
.oab 
- 0 8 7  
.035 
- 0 0 4  
.C83 
.082 
.039 
.08Y 
- 0 9 5  
-094  
.093 
.05Z 
.098 
,097 
- 0  96 
- 0 9 7  
. l o 2  
. l o 1  
. l o 2  
-107 



A I K F i j I L  P 2 E S S U P E  D A T A  .9 dLbO: R A D I U S  

F L T  6 5  k U N 1 5  T I M E  54494.400 

d P P E F :  S U R F A C t  C P  VALIJES 
X / Z =  - 0 2  .10 . 2 3  .35 .5G 

AZlrluTH 

L O k E R  S U R F A C E  C P  V A L U E S  
.7 t i  . B O  .90 . 02  .1U . 2 0  -50 . 7 0  . 9 3  

F L T  0 5  R i J N l 5  



A l R F C I L  FdtSSUkE DATA .9 BLADE L A D I U S  

F L T  6 3  RUh 15  T I  5 4 4 9 4 . 4 0 0  

U P P E R  SURFACE C P  VALUES 
X / C s  . U 2  . l o  .20 .35 50  

AZIMUTH 

NASA-LAYGLEY A H - 1 C  7 8 / 1 1 / 1 5 .  

L D k E k  SURFACE CP JALJES 
. 7 L  .90 .90 e O 2  .10 .20 . 5 0  . 7 J  e 9 0  

F L T  0 5  d u a l 5  



A l K F C I L  P k t S S U S E  3ATA .9 BLADE R A 3 I u S  

FLT  5 5  kUN 15 TIME 94494.450 

U P P E R  S U R F L C E  C P  V A L U E S  
X / C o  - 0 2  . 1 C  .20 . 3  5 .50 

A Z I M U T H  

NASA-LANGLEY Ad-lG 7 8 / 1 1 / 1 5 .  

.072 

.C73 

.075 

. 076  

.078 

.076 

.068 

.070 

. 071  

.072 

.074 

.075 
,077 . 0 78 . OdO 
.OR1 
.083 
.084 
.O e6 
,037 
.OB9 
. 0 9 1  
.092 
,094 

0 9 5  
.097 
.096 
. l o o  
. l o 1  
. l o 2  



AIkFGIL PkESSUAE U C T L  .9 BLADE 3AOIJS 

F L T  65 KbN 13 TIPE 5 4 4 9 4 . 4 0 0  

UPPEF SURFACE CP VALUES 
A / C . 0 2  e l 6  .20 .35 m53 

A Z I M U T H  

NASA-LANGLEY AH-1G 7 6 / 1 1 / 1 5 .  

L O d E R  ~ u R F A C E  C P  VALUES 
- 7 6  .80 .90  .02 . l o  .20 . S O  70 

F L T  05  k U h l 2  



A l k i C l ~  P R E S S U R L  D A T A  .9 RLCDf K A C I U S  

F L T  t 5  q u h  1 3  TInL 5 4 4 3 4 . 4 ~  

U P P E R  S U R F A C E  C P  VALUES 
X / C =  .02  .*c .2u .35 - 2 0  

A Z I M U r H  

306. -.907 -1aCG4 -.540 -.2t.F! 
302.  -.go0 -a570 -.>33 -.299 
304.  -.a34 -.953 -.5Z6 - .277 
306. -.a69 -.940 -.519 -.27U 
308.  -. 777  -.926 -. 5 1 1  -.291 
310.  -. 7 4 0  -. 913  -.504 -.2b6 
312.  -.724 -.a99 -.496 -.2R2 
314. -.713 -.908 -.497 -.278 
316. -.679 -.893 -.4Y9 - . Z t l  
318 .  -.666 -.P79 - .491 - . 2 t e  
320.  -.654 -.be5 -.493 -. 2 9 2  
322.  -.b43 -. 8 7 2  -.288 
324.  - .631 -.b79 -.484 -.2b3 
326.  -.620 - . a b l  -.486 -.297 
328.  -.6b9 -.869 -.493 -. 30U 
330. -.597 -el374 -.486 -.294 
332.  - .58 t  -.b72 -.482 -.209 
334.  -.575 -.862 -.486 -.295 
336. -.564 -.86> -.493 -. 2 9 5  
338  -.553 -.P68 -.487 - .301 
340  -.543 -.a70 -.49G -. 3 0 0  
342.  -.532 -.a72 -.490 -.294 
344. -.52E -.673 -.489 -. 3 0 1  
346. -a512 -.493 -.298 
346. -.495 -.a58 -.4U4 -. 305  
350. -.467 -.849 -.48$ -a314  
352. -.441 -.E42 -.479 -. 3 1 0  
354.  -.407 -.b33 - a 4 7 1  -.304 
356. -.373 -.a27 -.474 -. 2 3 8  
35 6. -. 3 4 1  -. 8 1 7  -.4b5 -. 3 0 6  

FLT 6 3  2UN15 



A l R F C I L  P * E S ) U R t  D A l A  a 9  BLADG R A D I U S  

E L T  6 5  RUN l e  T I M E  54782.700 

U P P E R  S U R f A C t  C P  V A L U E S  
X / C =  .02  .10 - 2 3  a35 .50 

A Z I ~ I U T H  

. LOWER SURFACE CP VALUES 
.70 .dO .90 .02 . 1 0  .,?ti . 5 0  .70 .90 

F L T  6 5  RUN18 



A l i F G I L  P d E S S U R E  b A T P  .Y B L A D E  RADIUS 

F L T  b 5  RUN 1 8  T I k E  54702.70C 

UPPER SUhFACE C P  VALUES 
X I C '  . b 2  .1C .20 .35  - 5 0  

AZIf l l j rH 

. I 1 9  
e l 5 2  
e036 
- 0 2 5  
.01:  
.ooCi 
. 0 1 4  
,024 
. 0 3 3  
.04b 
. 0 6 7  
.Obl 
- 0 9 1  
. iCO . l l t  
e l 1 9  
a129 
. I 3 9  
. 1 4 3  . 
- 1 4 9  
- 1 5 3  
e l 5 4  
e l 6 0  

NASA-LANGLEY Ad-1G 7 8 / 1 1 / 1 5 .  

LOkER SURFACE CP VALUES 
. 7 0  . d 3  .90 . 0 2  . 1 0  . 2 0  .50 70 50 

F L T  6 5  RUN15 



FLT 6 5  R U N  1 b  T I M E  54782.706  

UPPER S U R F A C E  C P  V A L U E S  
X / C =  . O i  .lo .20 .3  5 .50 

A Z I f l l J T H  

L O L E E  SURFACE C P  V A L U E S  
.7C .8) r 9 0  .02 . l o  . 2 0  50  -70 .90 

F L T  65 i ( U N l d  



U P P t R  SbPFACE C F  V A L U E S  
x / L a  .02 .lo .20 . 3 5  .50 

A Z l f l U T H  

L U W ~ K  SURFACE CP V A L U E S  
70 .RO .9U .02 -13 .20 50 -70 .93 

FLT 5 5  R U N l d  



A I ~ F O I L  P d E j S U 3 E  0 A T A  - 9  B L A D E  R A D L U S  

UPPER S U R F A C E  C P  V A L U E S  
X / C *  a02 . l o  . 2J .35 .50 

A Z I M U T H  

N A S  A - L A N G L E Y  A d - 1 G  79/11/15. 

L O h t t 7  S V Y I - A C E  C P  U A L J E S  
-70 .80 + 9 0  -02 .lo . ZO -50 .70 .9J 



A I R F C I L  P2ESSURE DATb . 9  BLADE gA31US NASA-LANGLE Y Ad-1G 78/11/15. 

FLT  6 5  RUN 18 T I P E  5 4 7 Y 2 . 7 G O  MU= . 2 4 ~  C L P =  -03519 T t h P ( U 6 0 ) =  19.8 C  = 6 7 . 5 8  F 

UPPER SURFACE CP VALUES LONER bLIRFACE CP VaLUES 
X I C .  .02 . l o  .20 .33  .53 a 7 6  .b3 .90 .02 el3 . Z O  .53 - 7 0  e90 

AZIMUTH 

F L T  6 5  huh15 



FLT  b5 RUiq  25 T I Y E  55583.00C Y U =  .241 C L P .  .~b912 T & N ? ( U S O ) ~  19.8 c = t17.61 F 

U P P E 8  S U R F A C E  C P  V A L U i S  LunEP S 3 R F A C t  C P  ' d A L J E i  
A /  C =  • C2 el6 .20 . 3  5 . j 3 .70 43 .93 .02 .lo .20 .50 -70 .9J 

A Z  IMcl FH 

.OOo 
-.014 
-.029 
-a039 
-.050 -. GbO 
-.06Y 
-.070 
-.077 
-.086 
-.095 
-.I12 
-.120 
-.12b 
-el27 
-el34 

141 
-.I48 
-el55 
-el61 -. 160 
-.I67 
-.i74 
-.I86 
-.1e0 
-a157 -. 149 
-el48 
-el49 
-.153 

F L T  63 XilhZS 



A l d i i J I L  PFiESSUkE D A T A  .9 6 L A G E  F:AuldS 

F L T  6 5  KUN 25 T I h E  5 5 5 U 3 . D U ~  

UPaEk SURFACE CP V A L U E S  
X l C .  a 0 2  .1C - 2 3  . 3 7  e 5 C !  

A Z I ~ U T H  

. lbu 

.192 
el99 
-209 
e 2 0 4  
.212 
.L 1 3  
. 2  1 4  
e L 1 5  
.217 

L O k E R  SURCACE CP J ~ L ~ E S  
.73 .8J .9G . 0 2  .10 a 2 0  .5U . 7 0  . Y 9 



A I R F L I L  P < i S S ' J R E  DATA . Y  Y L A L t  RADIbS 

6 L T  05 itUN 2 5  T I M E  5 5 5 Y 3 . 0 0 G  

UPPFR SURFACE CP VALUES 
X /C = . 0 2  .1C .20 .3i .5G 

AZIMUTH 

NASA-LANGLEY Ad-1; 7 R / l l / l E .  

LOblER SURFACE CP V A L i J E j  
e 7  G . 8 3  . 9 C  . 0 2  . l o  .2 0  .5G . 7 0  .55 

F L T  6 5  CUhZ3 



A I k F O I L  P 2 E S S U k i  DATA .9 BLADE R A D I U S  

F L I  0 2  RUk 2 5  T I H E  b 5 5 8 3 . 3 9 0  

UPPEN SURFACE C P  VALLIES 
X / C a  . 0 2  .lo . 2 U  .35 .50 

A Z I  HUTh 

F L T  5 5  h U Y 2 5  



AAKFOiL P R E S S U R E  b&TA .9 BLAC? kAOIUS 

UPPER S U R F A C E  CP VALUES 
X / C =  .02 . li, .20 .35 - 5 0  

AZIMUTH 

L O k t K  S U R F A C E  C P  VALUES 
. 7 0  . d o  .90 .02 a10 .20 .50 .73 . 9 3  

.73b 
,747 
e780 
.797 
.a04 . Y 11 . d l b  . U 24 
. d 3 0  . B 34 . d3b 
- 8 4 2  
.u44 
.846 
.&47 
.84U 
. 8 4 7  . U46 
.856 
,877 
.874 
- 8 7 0  
-865  . a 75 
.d87 
.a80 
- 6 7 2  . a64  
e817 
.760 

FLT b 5  RU,125 



FLT 3 5  RUN 2 5  TIME 53583.360 

UPPEF S U R F A C E  C P  V A L U E S  
X / C =  .02 . 1 0  . 2 0  . 3 5  a20  

A Z I M U T H  

L G d E R  S U R F A C E  C P  VALUES 
70 . eo .40 .02 $10 .20 .TO - 7 0  .90 

. l o 4  

.lo3 

. l o 2  
.08 2 
.O bl 
.054  
.079 
.07& 
.O 78 
.09 1 
.090 
.Ob6 
.OE7 
.08 5 
.084 
.o e2 
.03 1 
.3  a 4  
. 3  9 1  
,090 . Oab 
- 0 8 6  
.Ob5 
.O 83 
.Od6 
,039 
,102 
. l o o  
-038 
.096 

FLT 6 5  kUh(25 



F L T  66 Q U N  77 T I M E  55799.350 

LOWER S U R F A C E  CP ' I A L I I F T  
. 7 0  .en .9n .07 . l o  . 2 0  .50 - 7 0  -0'7 



F L T  h b  P U N  2 7  T I M k  557*9.b5C 

-.036 
-.035 
-.035 
-.035 
-.03? 
-.nz3 
-.014 -. 004 
-007 
.025 
.C43 
.Oh 1 . e7e 
.@a? 
-105 . llh 
- 1 7 2  
,141 
.149 
.I49 
.I51 
.I59 
,160 
.15? 
-152 
el51 
.I43 
.I14 
. I 2 6  
-117 

L O W E @  S U R F A C E  C P  V d l l l C I  

70 .PO .QO .07 . lG .70 -50 -70 .9r) 



U P P Z Q  5 I J 2 F A C E  C P  V A L U E S  
x t c =  .02 . in . 2 0  - 3 5  .50 

AZTYUTH 

LOWEQ SURFACE CP \tALIlFf 
-70 .PO  - 9 0  -07 .10 .?O 50 .70 .or) 

F L T  h h  O l l N 7 7  



F L T  6 6  9 U N 7 '  T I Y E  55799.850 

[ J P p E U  S ! J Q F i C E  C P  V A L U E S  
X l C =  . C Z  . I 0  .20 .35 .50 

b ?  I M l l T H  

LOWER SURFACE C P  V A L I I C T  
-70 .RO .Or) .P? .10 .20 e 5 0  . 7 0  . Q 9  



I I P D F W  T I J h F b C F  C P  V A L U E S  
X I C .  .0 2 - 1 3  - 7 9  .35 .50 

A l  I Y L I T H  



UPDER $! IQFACE C P  V A L U E S  
Y I C =  . 0 2  .10 . Z f I  .35 - 5 0  

hZ IYUT '4  

LOWER S U R F A C E  CP \ lbL I !Fc  
- 7 0  .PO .90 .'-I7 .lo .20  .50 .7O . "0 



APPENDIX E. - AIRFOIL COEFFICIENT DATA 

The l i s t i n g s  o f  a i r f o i l  c o e f f i c e n t  data are presented as reduced copies o f  
two-page computer l i s t i n g s .  The t o p  o f  each page segment conta ins i d e n t i f i -  
c a t i o n  as t o  f l i g h t  number, run number, and time. The r a t i o  o f  Reynolds number 
p e r  u n i t  Mach number i s  i d e n t i f i e d  as RNIM; b lade azimuth i s  l i s t e d  i n  degrees. 
CN, CC, and CM i d e n t i f y  co l  umns of normal - force,  chordwi se-force, and p i t c h i n g -  
moment c o e f f i c i e n t s ,  respect ive ly .  

The data o f  Table V I  serves as a guide t o  t h i s  se t  o f  l i s t i n g s .  



AIRFOIL COEFFICIENT OATA -9 SLAOE RADIUS YA94-LAYGLEY AH-1G 7 8 / 1 0 /  12. 

F L T  6 1  RUN 268  TIME 55556.200 R N / B =  16.37 Y I L L ~ ~ Y  R O T O R  SPEED=  34.0205 R A O / S E C  

AZIMUTH 
0.0 
2 .o 
4.0 
6.0 
8.0 

10.0 
1 2  .o 
14.0 
16.0 
18.0 
20.0 
22.0 
24.0 
26.0 
28 a0 
30.0 
32.0 
34.0 
36.0 
38.0 
40.0 
42.0 
44.0 
46.0 
48.0 
50  a0 
52.0 
54  SO 
56.0 
58.0 

F L T  61 RUN268 



AIKFSIL COEFFICIENT DATA .9 BLADE RADIUS Y A 3  A-LANCLFY AH-1G 78 /10 /120  

FLT 6 1  RUN 26B TIME 55556.200 R N l H s  16.37 M I L L I O N  R O T O R  SPEED= 34.0205 RAD/SEC 

AZIMUTH 
180.0 
182.0 
184.0 
186.0 
188.0 
190.0 
192.0 
194 - 0  
196 0 
198.0 
200 .o 
202.0 
204.0 
206 - 0  
208 .o 
210.0 
212.0 
214 - 0  
216.0 
218 - 0  
220.0 
222 .o 
224.0 
226.0 
228 .O 
230.0 
232 0 
234.0 
236.0 
238.0 

LZ IHUTH 
240.0 
242.0 
244 - 0  
246.0 
248 - 0  
250.0 
252.0 
254.0 
256.0 
258.0 
260.0 
262.0 
264.0 
266.0 
268.0 
270.0 
272.0 
274.0 
27b.O 
278.0 
280.0 
282.0 
284.0 
286.0 
288.0 
290.0 
292.0 
294.0 
296.0 
298.0 

A Z I  HUTH 
300 0 
302.0 
304.0 
306.0 
308 l 0 
310 - 0  
312.0 
314.0 
316.0 
318.0 
320.0 
322.0 
324.0 
326.0 
328.0 
330.0 
332.0 
334.0 
336.0 
338.0 
340.0 
342.0 
344.0 
34600  
348.0 
350.0 
352.0 
354.0 
356.0 
358.0 

C n 
.ooo 

-.001 
-.ooo 

.ooo 

.001 
,000 
eooo 
.001 
.001 
a001 
.ooo 

-.001 
-.001 
-.002 
-a002 
-0002  
-.002 
-.002 
-.001 
-.001 

.ooo 
-000 

-.001 
-.002 -. 0 0 1  
-.001 
-0001 
-.001 - . 002 
-.003 

FLT 6 1  RUk26B 



AIDFOIL  CnFFFIC IFYT DATA - 9  RLADE RADIUS NASA-LANGLEY AH-1G 7 8 / 1 1 / 1 4 .  

F L T  6 3  RUN 1 TIME 53718.300 RN/M= 16.81 MILLICIN ROTOR SPEED= 34.1966 RADlSEC 

AZIMUTH CN 
60.0 , 1 5 3  
62.0 a 1 5 1  
64.0 e l 5 2  
66.0 a 1 4 9  
68.0 - 1 4 9  
70.0 - 1 4 8  
73.0 e l 5 5  
74.0 e l 6 6  
76.0 ,179  
7R.0 . I 9 1  
80.0 .204 
82.0 a 2 1 0  
84.0 - 2 0 8  
86.0 ,202  
98.0 .206  
90.0 - 2 0 4  
92.0 e 2 0 6  
94.0 a 2 0 3  
96.0 - 2 0 0  
98.0 e l 9 8  

100.0 - 1 9 7  
102.0 . I 9 3  
104.0 , 1 9 0  
106.0 a 1 8 9  
108.0 e l 8 8  
110.0 - 1 8 4  
112.0 e l 8 1  
114.0 - 1 7 9  
116.0 ,177  
118.0 - 1 7 4  

AZIMUTH CN 
120.0 , 1 7 1  
122.0 - 1 6 1  
124.0 e l 5 9  
126.0 - 1 6 0  
128.0 - 1 6 1  
130.0 ,162 
132.0 ,162  
134 .0  - 1 5 8  
136.0 e l 5 5  
138.0 - 1 5 3  
140.0 0 1 5 7  
142.0 ,157  
144.0 e l 5 7  
146 .0  ,160  
148.0 e l 6 0  
150.0 - 1 6 3  
152.0 - 1 6 5  
154.0 ,160 
156.0 e l 6 0  
158.0 ,167  
160.0 e l 7 1  
162.0 - 1 7 2  
164.0 0 1 7 3  
166.0 e l 7 3  
168.0 e l 7 6  
170.0 - 1 8 1  
172.0 - 1 8 3  
174.0 - 1 8 8  
176.0 e l 8 6  
178.0 e l 9 0  

FLT  6 3  RUN1 



ATRFOTL COEFFICIENT DATA a9 RLADF PADTUS NASA-LANGLEY AH-1G 7 8 1 1 1 1  14. 

F l  T 63 RON 1 T I V F  53718.300 RN/M= 16.81 M I L L I O N  ROTOR SPEFO= 34.1966 RAD/SEC 

AZIMUTH 
300.0 
302.0 
304.0 
306.0 
308.0 
310.0 
312.0 
314.0 
316.0 
318.0 
320.0 
322.0 
324.0 
326.0 
328.0 
330.0 
332.0 
334.0 
336.0 
338.0 
340.0 
342.0 
344.0 
346.0 
348.0 
350.0 
352.0 
354.0 
356.0 
358.0 

F L T  6 3  RUN1 



A T P F n I L  C q E F F I C I c Y T  D A T A  - 9  dLADE RADIUS N A S A - L A N G L F Y  AH-lG 7 8 / 1 1  114.  

F L T  6 3  2UN 5 T I F F  54157.800 R h l M n  1 6 . @ l  N I L L I D N  Q ~ T ~ Q  S P E E D =  34.0290 RADISEC 

AZIMUTH C N  
60.0 e l 9 1  
62.0 e l 9 1  
64.0 e l 8 9  
66.0 ,188 
68.0 el91 
70.0 - 1 9 4  
72.0 a190  
74.0 e l 8 8  
76.0 ,181  
78.0 - 1 7 3  
80.0 - 1 6 4  
82.C e l 5 3  
84.0 a 1 4 1  
66.0 . I 3 4  
88.0 - 1 2 7  
90.0 e l 1 8  
92.0 ,111 
94.0 - 1 0 4  
96.0 - 1 0 1  
98.0 e09R 

100.0 a 0 9 1  
102.0 .087 
104.0 e077  
106.0 e 0 5 9  
108.0 a 0 4 1  
110.0 - 0 3 0  
112.0 .028 
114.0 ,019 
116.0 .020 
118.0 - 0 2 2  



A T L ? C ? T L  C O E F F I C I G M T  D A T A  a 9  B L A D E  K A D I U S  N A S A - L A N G L F Y  AH-16 7 F ( / 1 1 / 1 4 .  

c L T  h 3  Q U Y  6 T I Y E  5 4 1 5 7 . 8 0 0  R M / Y =  16 .81  P I L L I O N  Q 1 T q Q  S P E E D =  3 4 . 0 2 9 0  Q A D / S E C  

AZIMUTH 
300.0 
302.0  
304.0 
306.0  
308.0 
310.0 
312.0  
314.0 
316.0  
318 .0  
320.0  
121.0  
324 .0  
326.0 
326 .0  
330.0  
332.0 
334.0  
336.0 
338.0 
340.0 
342.0 
344.0 
346.0 
348.0 
350.0 
352.0  
354.0 
356 0  
358.0  



A T ? E r T L  C O F F F I C I C N T  DATA - 9  3LADE RADIUS Y A S A - L A N G L F Y  AH- lb  7R111114 .  

FLT 5 7  R U M  9 T I M F  54467.200 R N / Y =  16.81 MILL ION RqTnQ qPEFO= 34.0810 RAC/SEC 

AZIMUTH 
60.0 
62.0 
64.0 
66.0 
68.0 
70.0 
72.0 
74.0 
76.0 
78.0 
80.0 
82.0 
84.0 
86.0 
a 8  .o 
90.0 
92.0 
94. C 
96.0 
9 8  .O 

100.0 
102.0 
104.0 
106.0 
108.0 
110.0 
112.0 
114.0 
116.0 
118.0 

AZIMUTH 
120.0 
172.0 
124.0 
126.0 
128.0 
130.0 
132.0 
134.0 
136.0 
138.0 
140.0 
142.0 
144.0 
146.0 
14P.0 
150.0 
152.0 
154.0 
156.0 
158.0 
160.0 
162.0 
164.0 
166.0 
168.0 
1 7 0  0 
172.0 
174.0 
176.0 
178.0 



A I l F q I L  C ' I F F F T C I E Y T  DATA .q BLADE R A D I U S  NASA-LANGLFY AH-I G 7 8 1 1 1  114 .  

C C C Y 
.O0O -.03C 

-.(I01 - a 0 1 1  
-.003 -a029  
-.004 -.027 
-.Or)6 -a025 -. 008 - r  025 
- a 0 1 1  -,025 
-.014 -.024 

-.025 
-.019 -.OZC 
-.022 -.024 
-.025 -a074 
-.02F -.O27 
-.O31 -.020 
-.035 -.019 
- . 0 3 P  -.015 
-.Oft2 -a314  
-a045  - .D l1  
- .047 -.010 
-.049 -.03Q 
-.050 -.009 -. 0 5 2  -. O O R  
-.053 -a009  
-.054 -.a07 
-.055 -.006 
-.057 - .004 
-.r)57 -.003 
-.057 -a005 
-.05rZ -.ooo -. 0 6 0  - .OOO 

A Z I M U T H  
240.0 
242.0 
244 .O 
246.0 
248.0 
250.0 
252.0 
254.0 
256.0 
258.0 
260.0 
262.0 
264.0 
266.0 
268.0 
270.0 
2 7 2  .O 
274.0 
276.0 
2 7 P .  0 
280.0 
282.0 
284.0 
286.0 
288.0 
290.C 
292.0 
294  a0 
296.0 
298.0 



ATQFOIL COFFFICIFNT DATA .9 BLADE RADIUS NASA-LANGLEY AH-1C 7 8 / 1 1 /  14. 

FLT 5 3  RUN 1 0  TIME 54541.600 R N / M =  16.7P M I L L I O N  Q O T t l D  SPEED- 3 4 . 0 8 4 1  SADISEC 

AZIYUTH CN 
0.3 a427 
2.1 .407 
4.0 .390  
5 . 3  - 3 7 0  
9.0 ,750 

10.0 .342 
12.0 .333 
14.3 e 3 2 1  
16.0 .310 
18.0 e29R 
20.0 ,289 
22.0 .279 
24.9 .277 
24.0 . 2 6 1  
79.3 .260 
70.9 .266 
32.0 ,270 
34.0 .276 
36.0 .27P 
39.0 - 2 8 0  
40.0 - 2 7 9  
42.0 ,275 
44.0 - 2 6 3  
44.0 .257 
49.0 .252 
50.0 .245 
52.3 - 2 4 0  
54.0 - 2 3 4  
56.0 .230 
53.0 .22O 

AZIMUTH 
120.0 
122.0 
124.0 
1 2  6.0 
128.0 
130.0 
132.0 
134.0 
136.0 
138 .0  
140.0 
142.0 
144.0 
146.0 
1 4  8.0 
150.0 
152.0 
154.0 
156.0 
158.0 
160.0 
162.0 
164.0 
166.0 
168.0 
170.0 
172.0 
174.0 
176 .0  
178.0 



A I P F D I L  C O E F F I C I F N T  DATA - 9  BLADE 

F L T  6 3  R U N  1 9  T I M E  5 4 5 4 1 . 6 0 0  

A Z I Y U T H  
183 .3  
183 .0  
1 8 4 . 0  
1 8 6 . 0  
183 .0  
190 .0  
1 9 2 . 3  
194 .0  
1 9 6 . 0  
1 9 8 . 0  
200 .0  
2 0 2 , 3  
204.0  
206.0 
703 .3  
' 1 0 . 0  
7 1 2 . 0  
2 1 4 . 0  
715.0  
719 .0  
270 .0  
222.0  
224 .0  
726 .0  
2 7 8 . 0  
230.0  
332.0  
734 .0  
215.0 
739 .3  

R A D I U S  NASA-LANGLFY AH-1 G 7 8 / 1 1  / 1 4 .  

K N / Y .  16 .7?  F I L L I Y N  Q n T l Q  S P E E D .  3 4 . 0 8 4 1  S C D I S E C  

A Z I  MUTH 
2 4 0 . 0  
242.C 
244 .0  
246.0  
248.0  
250.0  
252 .0  
2 5 4 . 0  
256.0  
258 .0  
260 .0  
262 .0  
2 6 4  0 
266.0  
268 .0  
2 7 0 . 0  
272.0  
274.C 
2 7 6 . 0  
2 7 8 . 0  
280.0 
282 .0  
284.0  
286.0  
2 8 8 . 0  
290.0  
292  .O 
294.0  
296.0  
298 .0  

A Z I P U T H  
300.0 
302.0  
304 .0  
306.0 
308 .0  
310.0  
312.0  
314.0  
316.0  
310.0 
320.0 
327.0 
324.0 
326.0  
328.0 - 

330.0  
332.0  
334.0 
336.0 
338 .0  
340.0  
342.0  
344.0  
346.0 
348 .0  
350.0 
352.0  
354.0  
356.0  
358.0 

F L T  A 3  Q U Y l r )  



A I R F O T L  COEFFICIENT D A T A  .9 BLADE KADIUS NASA-LANGLEY AH-16 78 /11 /14 .  

F L T  5 3  RlJN 11 TIME 5464R.800 R N I M .  16.81 MILLION PClT0Q SPEED- 34.0717 RAD/SEC 

AZIMUTH 
60.0 
62.0 
64.0 
66.0 
66.0 
70.0 
72.0 
74 - 0  
76.0 
78.0 
80.0 
82.0 
84.0 
86.0 
88.0 
90.0 
92.0 
94.0 
96.0 
98.0 

100.0 
102.0 
104.0 
106.0 
108.0 
110.0 
112.0 
114.0 
116.0 
118.0 

AZIMUTH CN 
120.0 - e l 3 4  
122.0 - e l 1 3  
124.0 -0092 
126.0 -a084 
128.0 -SO75 
130.0 -.068 
132.0 -.O66 
134.0 -.058 
136.0 -a060 
138.0 -a071 
140.0 -a086 
142.0 -.Of34 
144.0 -.051 
146.0 -.012 
148.0 e021 
150.0 .030 
152.0 -038  
154.0 -055 
156.0 -076  
158.0 -095  
160.0 -119  
162.0 -149  
164.0 e l 7 2  
166.0 -195 
168.0 a223 
170.0 e249 
172.0 -282 
174.0 a308 
176.0 .330 
178.0 -362 

F L T  h l  RUN11 



A I Q c O I L  COEFFICIENT DATA e 9  BLADE RADIUS NASA-I. ANCLEY AU-IG 7 8 / 1 1 / 1 4 .  

F L T  5 3  RUN 11 T I E  54648.800 R N / Y =  1 6 . 6 1  P I L L I O N  P ~ T ~ P  $ P E E D =  34.0717 QAOISEC 

AZIMUTH 
300.0 
302.0 
304.0 
306.0 
308.0 
310.0 
312.0 
314.0 
316.0 
318.0 
320.0 
3 2 2 - 0  
324.0 
326.0 
328.0 
330.0 
332.0 
334.0 
336.0 
338.0 
340.0 
342.0 
344.0 
346.0 
348.0 
350.0 
3 5 2  - 0  
354.0 
356.0 
358.0 

FLT 6 3  Q U N l l  



ALKFOIL LOEFF lC lENT DATA .9 BLAOt RADIUS NASA-LANGLtY Ad-1G 7 8 / 1 1 / 1 5 .  

FLT 6 5  R U N 1 5  TIME 54494.400 R N / t l =  15.14 M I L L I O N  ROTOR SPEED. 3 4 . 6 7 1 1  SAO/SEC 

AZIMUTH 
0.0 
2 .o 
4.0 
6 .o 
8. Q 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
22.0 
24 0 0  
26.0 
28  .O 
30.0 
32.0 
34 .o 
36.0 
38 - 0  
40.0 
42.0 
44.0 
4 5  .O 
48.0 
50.0 
52.0 
54.0 
56.0 
56.0 

CH 
- 3 0 1  
.302 
.001  
.ooo 

-.ooo 
-.002 
-.002 . ooc 

.ou2 
-.002 -. OBZ -. 002 - .002 
-.002 
-so03 
-.004 
-.004 -. 0 0 5  
-.003 
-eOU4 
-.005 
-.OC5 -. 005  
-.005 
-.006 
-.DO6 
-.007 
-.006 
-.006 -. 005 

AZIMUTH CN 
120.0 a 0 0 3  
122.0 -.ooo 
124 .0  a 0 0 0  
126.0 .002 
128.0 -moo4 
130.0 -.OD5 
132.0 -.006 
134.0 -moo4 
136.0 -.001 
138.0 - 0 0 2  
140.0 ,005 
142.6 - 0 0 8  
144.0 . 0 1 1  
145.0 .017 
148.0 - 0 2 1  
150.0 - 0 2 5  
1 ~ 2 . 0  - 0 3 0  
154.0 - 0 3 4  
1 2 6  .O .G41 
158.0 ,053 
160.0 0 0 5 1  
162.0 - 0 6 4  
164.0 .070  
166.0 mob1 
168.0 - 0 9 1  
170.0 ,104 
172.0 e l 1 0  
174.0 a119 
176.0 .129 
1 7 8 0 0  e l 4 2  

FLT 6 5  RUIGA:, 



A I R F C ~ L  C u E F F I C I F N T  CATA .9 GLAOt R A D I U S  NASA-LINGLEY AH-1G 7 e l l l I 1 5 .  

F L T  k~ RUN 15 T I M E  24494.403 3 N I M =  15 .14  n l L L I O N  K L l T t i d  SPEED. 34 .0711  RAD/SEC 

AZIMUTH 
300.0 
3 2 2  .i 
304.0 
3 3 6  -0 
308.0 
310.C 
312.0 
314.0 
316.C 
328.6 
320.0 
3 2 2  - 0  
324.0 
326.0 
328  - 0  
330.0 
332.0 
334.0 
336.0 
338.0 
340.0 
342.0 
344  .O 
346.3 
348.0 
350.0 
332.0 
354.0 
350 e0 
358.0 



AIkFGIL COtFFlCIEKT D A T A  .9 bLAOt RADIUS ~ASA-LAMGLcY AH-1G 78/11/15.  

F L T  6 5  RUN 1 E  T I M t  54792.700 

C H 
-003 
.00 1 

-.Obi, 
.001 
.002 
.GO 1 
.301 -. OGC 

-.go1 
.OOG 
.003 
004 

,003 
e O C 3  
.003 
-064 
.002 

-.OOiJ -. O O C  
-.OOZ -. 3C3 
-.DO4 
-.006 
-.oat: 
-.OC7 
-.OO6 
-.004 
-.OC3 
-.002 
-.002 

RN/M= 16.15 MILLION R O T O R  S P E E D =  34.5916 P I D / S E C  

A Z I M U T H  CN 
120.0 .221 
122.0 .212 
124.0 ,199 
126.0 . l b 7  
128.0 ,175 
130.0 a171 
132.0 a171 
134.0 e l 6 8  
130.0 e l70  
13U.0 ,170 
140.0 e l 7 5  
142.0 e l 7 4  
144.0 e l 6 8  
146.0 ,167 
143.0 ,171 
150.0 e l 7 7  
152.0 ,179 
154.0 e l 8 0  
155.0 - 1 8 1  
158.0 ,184 
160.0 ,185 
102.0 . l a 6  
164.0 -188 
166 .0 e l 9 3  
168.0 ,192 
170.0 0197 
172.0 e205 
174.0 .212 
17b.0 -217 
176.0 ,225 

C C 
.001 . O O i  
.001 
,001 
,001 
. O G l  
.ooo 

-.033 
- . O O i  
-.001 
-.001 
-.001 
-.001 
-.OOO -. 000 
-.ooo 
-.500 
-.ooo 

-933 
0003 
0001 
.ooo 
r O O l  
,000 
.001 
0001 
0001 
0000 
.000 
.SO0 



AIQFCIL C O E F F I C I E N T  D A T A  .9 E L A D E  RADIUS N A S A - L A N G L E Y  AH- IG 7 8 1 1 1 1 i 5 .  

F L T  6 5  KUN 18 T I M t  54782 .700  H N / M =  16 .15  M I L L I O N  ROTOR S P E E D *  34 .5916  RAO/SEC 

A Z I M U T H  
249.0 
242.0  
244.0 
240.0 
24V.O 
250.0 
2 5 2 . 0  
254.0  
256 .0  
258.0 
260.0  
262  0 
264.0  
2 t t . 0  
2bb.O 
2 70.0  
272.0 
274.0 
276.C 
278.c) 
280.0 
282.0 
2 8 4 . 0  
286.0  
288.0 
290.0  
292 .0  
294.0 
296.0 
298 .0  



F L T  65 RUN 25 T I K E  55593.000 R t i / M =  io.14 ?llLLION L I T J K  S P E t D =  34.2684 XAOISEC 

-.OGO 
.ooo -. OCl -. 00 1 

-.ooo 
-.002 
-.O03 
-.002 
-.OGl 
-a003 
-.003 
-.(I04 -. 004 
-.0@3 - .9n4 
-.004 -. 006 -. 007 
-.308 
-.010 
-.L)10 -. ooa 
-no07 
-.005 

FLT 05 d d 2 2  



AIRFOIL  COEFFICIENT DATA .9 bLAOE RADIUS NASA-LANGLEY AH-1G 7 ~ / 1 1 / 1 5 .  

F L T  05 rlU:.l 25 T I h t  55583.000 P N I f l =  10.14 MILLI3N d O T O P  SPEED= 34.2684 RAO/SiC 

A Z I  RUTH 
180.0 
l d 2 . 0  
l b 4 . 0  
186.0 
168.0 
196.6 
192.0 
194.0 
196.0 
198.0 
200.0 
2 0 2  .o 
204.0 
206.0 
208.0 
2 1 3  a 9  
212.6 
214.0 
2 1 6  .O 
218.0 
2 2 0  .0 
222.0 
224.0 
226.0 
228.0 
230.0 
232.0 
234.0 
236.0 
2 3 8  .O 



AIP'ITL C q E E F I C I F N T  O A T A  - 9  8LAOE k A D I U S  Y O S A - L A N C L F V  hw-1  c 7 P / 1 1 / 7 7 .  

F L T  5 6  ?L!N ? ?  T I P €  55759.P50 FN/Y= 16.37 M I L L T O P '  " n T 0 9  ?PEFD= 35.7791 RADISEC 

A Z I M U T H  
120.0 
122.0 
124.0 
176.0 
178.0 
130.0 
132.0 
134.0 
136.0 
138.0 
140.0 
142.0 
144.0 
146.0 
148.0 
150.0 
152.0 
1 5  4 0 
156.0 
15e.O 
160.0 
162.0 
164.0 
166.0 
168 .0  
170.0 
172.0 
174.0 
174.0 
178 .0  



C Y 
- .010  -. OOF -. 936 -. 0 9 9  
-.7C)c -. 009  -. 0 0 7  -. 007  
-.937 -. 3 0 5  -. 005 
-.'I05 
-.OD5 
-.035 -. 094  -. 3 0 4  
- .DQ3 -. 0 0 4  
-. ' I04 -. 0!34 
-.004 -. 031 -. 007  
- .004 
-.OOt 
-.004 -. GO3 -. 3 0 5  
- e n 0 4  
-.OO2 



APPENDIX F a  - THEORETICAL AIRFOIL PRESSURE DISTRIBUTIONS 

Theore t i ca l  d i s t r i b u t i o n s  o f  a i r f o i l  pressure c o e f f i c i e n t s  were generated by 
u t i l  i z i n g  t h e  t ranson ic - f low ana l ys i s  o f  re ference 35. This  computer program 
uses a  re1 axat  i on scheme around a  conformal l y  mapped representa t  i o n  o f  a  "fl u i d "  
a i r f o i l .  That a i r f o i l  cons i s t s  o f  a  s p e c i f i e d  geometric shape and t u r b u l e n t  
boundary l a y e r  t h a t  grows from a  s p e c i f i e d  chordwise l o c a t i o n  on each a i r f o i l  
surface. The program can p r e d i c t  t r anson i c  f l o w  pa t te rns  and e f f e c t s  bu t  cannot 
handle e i t h e r  separa t ion  o r  laminar  f low. More d e t a i l s  about t h e  program are 
a v a i l a b l e  i n  references 40 and 41. 

Four pr imary i n p u t  parameters were requ i red  f o r  each f l o w  cond i t ion .  The 
Mach number was t h e  va lue f o r  t h e  f l o w  component normal t o  t he  blade lead ing  
edge. The normal-force c o e f f i c i e n t  o f  t he  f l i g h t  data was i n p u t  as a  c lose  
approxirnat ion o f  1  i f t  c o e f f i c i e n t .  The two t r a n s i t i o n  po in t s  ( s p e c i f y i n g  t h e  
s t a r t  o f  t he  boundary l a y e r )  were determined based on t h e  est imates p l o t t e d  i n  
f i g u r e  55. Unless otherwise spec i f ied ,  t he  i n p u t  a i  r f o i  1  coord inates were t h e  
s e t  o f  re fe rence 4  mod i f i ed  f o r  t h e  t r a i l  ing-edge t runca t i on .  
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TABLE I . . BASIC AIRCRAFT CHARACTERISTICS 

. Empty weight. N (lb ) . . . . . . . . . . . . . . . . . .  28. 130 (6323) 
Fuel capacity. N (I b . ) . . . . . . . . . . . . . . . . .  7. 250 (1630) 
Powerplant . . . . . . . . . . . . . . . . . . . .  Lycoming T53-L-13B 
Nominal transmission 1 imi t at 100% rpm. kw (hp) . . . . . .  820 (1 100) 
Wing : 

Ai rfoi 1 
Root . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0030 
Tip . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0024 . . . . . . . . . . . . .  Semispan (panel onlyj. m ift) 1.09 (3.56) 

Area (panels only). m (ft ) . . . . . . . . . . . . . .  1.63 (17.6) 
Chord: 
Root. m (ft) . . . . . . . . . . . . . . . . . . . . .  0.88 (2.89) 
Tip. m (ft) . . . . . . . . . . . . . . . . . . . . . .  0.62 (2.04) 

Incidence angle (chord line). deg . . . . . . . . . . . . . . .  14.0 
Leading-edge sweep. deg . . . . . . . . . . . . . . . . . . . .  15.2 
Dihedral angle. deg . . . . . . . . . . . . . . . . . . . . . .  0.0 

Hori zon tal tai 1 : 
Airfoil . . . . . . . . . . . . . . . . . . . . . .  inverted Clark Y 
Semi span (panel only (ft) . . . . . . . . . . . . .  0.78 (2.54) 
Area (panels only) . m 19(:t2) . . . . . . . . . . . . . .  0.95 (10.2) 
Chord : 
Root. m (ft) . . . . . . . . . . . . . . . . . . . . .  0.75 (2.45) 
Tip. m (ft) . . . . . . . . . . . . . . . . . . . . . .  0.54 (1.78) 

Leading-edge sweep. deg . . . . . . . . . . . . . . . . . . . .  19.9 
Dihedral angle. deg . . . . . . . . . . . . . . . . . . . . . . .  0.0 

Vertical tai 1 : 
Ai rfoi 1 . . . . . . . . . . . . . . . . . . . . .  ~ o o t  cambered. 14% thick 
Tip . . . . . . . . . . . . . . . . . . . . . .  cambered. 15% thick 

Span (above tail boom). m (ft) . . . . . . . . . . . . .  1.64 (5.38) 
Area. m2 (ft2) . . . . . . . . . . . . . . . . . . . . .  1.73 (18.6) 
Chord: 
Root. m (ft) . . . . . . . . . . . . . . . . . . . . .  1.42 (4.67) 
Tip. m (ft) . . . . . . . . . . . . . . . . . . . . . . .  69 (2.25) 

Leading-edge sweep. deg . . . . . . . . . . . . . . . . . . . .  50.0 
Twist. deg . . . . . . . . . . . . . . . . . . . . . . . .  nonlinear 



TABLE I .. Concluded 

Main rotor :  
. . . . . . . . . . . . . . . . . . . . . . . . . .  Number of blades 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Airfoil  NLR-1T . . . . . . . . . . . . . . . . . . . .  Radius (R). m ( f t )  6.706 (22.0) . . . . . . . . . . . . . . . . . . . . . .  Chord. m ( f t )  0.686 (2.25) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Taper 1:l 

So l id i ty  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0651 . . . . . . . . . . . . . . . . . . . .  T w i s t .  deg . . . .  
' 2' 

-10/r 
. . . . . . . . . . . .  Flapwi se  i ne r t i a .  kg-m ( s l  ug-ft2) 2120 (1560) . . . . . . . . . . . . . . . . . . . . . . . . . .  Lock number 5.05 . . . . . . . . . . .  Nominal t i p  speed. m/sec ( f t / s ec )  227.5 (746.6) . . . . . . . . . . . . . . . . . . . . .  Hub precone angle. deg 2.75 

Pi tch-fl  ap coup1 i ng (63). deg . . . . . . . . . . . . . . . . .  0.0 . . . . . . . . . . . . .  Blade pitch range a t  . 75 R. deg -12.3. +39.6 
Tr im  t a b  . . . . . . . . . . . . . . . . . . . . . .  Width. m ( f t )  0.191 (0.75) . . . . . . . . . . . . . . . .  Overhang length. m ( f t )  0.042 (0.138) . . . . . . . . . . . . . . . . . . . . . . .  In-board edge 0.761 R 

Tail ro to r :  
. . . . . . . . . . . . . . . . . . . . . . . . .  Number of blades 2 

Airfoi 1 . . . . . . . . . . . . . .  . 25 t a i l - r o t o r  radius 
t i p  . . . . . . . . . . . . . . . . . . . . . . .  

Radius . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Chord. rn i f t) . . . . . . . . . . . . . . . . . . . . . . .  Taper . . . . . . . . . . . . . . . . . . . . .  Sol id i ty  . . . . . . . . . . . . . . . . . . . .  Twist. deg . . . . . . . . . . . . . .  Equivalent root  cut-out 
Nominal t i p  speed. m/sec ( f t / s e c )  . . . . . . . . .  . . . . . . . . . . . . . .  Blade pitch range. deg3 
Hub precone angle. deg . . . . . . . . . . . . . .  
Pi tch-fl  ap coup1 i ng (63). deg . . . . . . . . . . .  

. . . .  NACA 0018 
cambered. 8% thick . . 1.295 (4.25) 
. . 0.292 (0.96) 
. . . . . . .  1:l 
. . . . . .  0.144 



TABLE I1 .- COORDINATES OF NLR-1T AIRFOIL 



TABLE I  11. - PADS-PCM DATA SYSTEM CHARACTERISTICS 

Notes: a - accuracy of analog signal before d ig i t i za t ion  

b - frequency a t  3 db rol l -off  f o r  constant delay,  4-pole Bessel F i l t e r s  

110 

I 

I 

i 

Parameter 
- 

Aerodynamic Fl ight  S ta te :  

dynamic pressure - regular 
- sensitive 

s t a t i c  pressure - regular 
- sens i t ive  

angle of a t t ack  
angle of sides1 i p  
t o t a l  temperature 

Iner t i a l  Fl igh t  Sta te :  

r o l l  a t t i t u d e  
pitch a t t i t u d e  
heading 
angular r a t e s  
longitudinal accelera t ion 
l a t e r a l  accel e r a t i  on 
normal accelera t ion 

Control Positions: 

1 a t e r a l  servo 

l ongi tudi nal servo 

co l lec t ive  servo 
horizontal f i n  
pedal posit ion 
t a i l  - rotor  co l lec t ive  

RotoriEngine Parameters: 

mai n-rotor speed - regul a r  
-sensi t ive  

main-rotor azimuth 
engine torque pressure 
fuel  quant i ty  

System (a) 
Accuracy 

70 Pa 
14 Pa 

500 Pa 
70,Pa 

l o  .1 
.06Oc 

.5: .5 
3.0' 
. O 1  rad/sec 
.001 g 
.001 g 
.005 g 

.1 0 

. lo 

.1 0 

0 

$ 3 0  
. l o  

.5% 

.a% 1 
3 kPa 
60 

Digital 
Channel 

Precision 

14 Pa 
3 Pa 

200 Pa 
40 pa 
.1B0 
. 
.1 C 

0 .36, 
.1B0 
.72 
.044 rad/sec 
.004 g 
.003 g 
.009 g 

.04O 

.07O 

.05O 
0 .OZO 

.07 

.070 

.23% 

.05% 
22.5' 

1.3 kPa 
40 

F i l t e r  ( b )  
Frequency 

1 Hz - 
- 

10 Hz 
10 Hz - 

- 
- 
- 

10 Hz 
10 Hz 
10 Hz 
10 Hz 

10 Hz 

10 Hz 

10 Hz 

10 Hz 
10 Hz 
10 Hz 

- - 
- 
- 



TABLE I V .  CHARACTERISTICS OF SELECTED ROTOR-DATA PARAMETERS 

Parameter 

Q 

Tb 

6s 

Os 

'I 

Analog Sys tem 
Accuracy 

122 N-rn 

- 

. lo 

.lo 

- 

D i g i t a l  Channel 
P rec i s ion  

158 !I-rn 

.40° C 

. I10 

.23O 

1.410 

Maximum 
F i n a l  -Data 

E r r o r  

.60 kN-rn 

l . O O  C 

.3O 

.8O 

.3O 



TABLE V.  - CHARACTERISTICS OF BLADE PRESSURE-DATA SYSTEM 

Notes: a - increment per unit d ig i ta l  input 

b - highly conservative value fo r  absolute value of s ingle  data point 

c - Apt  = ( A m p  +Ape) (Tb  - 23.9) 



TABLE V1.- CATALOG OF FLIGHT TEST-POINT CONDITIOFIS 

Fl iSllt cond i t ion  

Fl iyl l t  no. - Run 110. 

)1 

V ,  knots 

Mh 

C ~ l  

nz ,  g units 

af,  degrees  

O f ,  degrees  

o f ,  degrees  

Pf,  rad/sec  

q f ,  r ad / sec  

r f ,  r ad / sec  

Pf,  r a d l s e c z  

q f ,  rad/sec2 

. 
rf.  r a d l s e c z  

C 
Q 

Aos, degrees  

*IS, degrees 

Bls ,  degrees 

a l s ,  degrees  

bls,  degrees  

0 ,  r ad / sec  

a ,  ~ J s e c  

Right t u r n  

65-25 

0.241 

107.5 

0.69 

0.0051 

1.40 

-0.7 

44.9 

-4.0 

0.03 

0.12 

0.13 

0.02 

0.03 

-0.03 

0.00017 

8.1 

-0.2 

3.0 

-0.1 

0.6 

34.27 

331.8 

- 
Lef t  t u r n  

65-18 

0.241 

108.9 

0.70 

0.0062 

1.70 

3.9 

-48 0 

-5.4 

-0.03 

0. la 

-0.14 

0.02 

-0.03 

-0.04 

0.0014 

7.9 

-0.3 

2.5 

0.1 

1.1 

34.59 

331.7 

Level f l i g h t  
- r e fe rence  

65-15 

0.243 

107.9 

0.69 

0.0037 

0.99 

-2.8 

-0.4 

-3.8 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.00 

0.00022 

8.5 

-0.1 

5.0 

-1.4 

0.1 

34.07 

331.7 

P u l l  -up 

66-22 

0.245 

112.5 

0.71 

0.0075 

2.05 

8.6 

-0.5 

-2.5 

0.02 

0.28 

0.00 

-0.09 

-0.10 

-0.04 

0.00009 

7.1 

-0.2 

2.1 

-0.2 

1.0 

35.28 

329.9 

I 
. ' 

Hover 

61-268 

0.0 

0.0 

0.69 

0.0034 

1.00 

--- 

-0.8 

0.0 

0.00 

0.00 

-0.01 

-0.01 

-0.01 

0.02 

0.00022 

8.1 

-1.5 

-0.2 

0.1 

-0.6 

34.02 

329.9 



TABLE VI .- Concluded 

F1 i g i ~ t  cond i t ion  

F l  i y h t  no. - Run no. 

U 

V ,  knots 

i l 

C L '  

n ~ ,  9 u n i t s  

af, degrees  

Qf,  degrees 

of ,  deyrecs  

Pf, r ad / sec  

4f rad/sec  

r f , r a d / s e c  

P f ,  rdd/sec2 

qf, rad/sec2 

r f ,  rad/sec2 

Q 

Aos, degrees 

His ,  deyrees 

B l s ,  deyrces  

degrees 

b l s ,  des recs  

0, rad/sec  

d, ~ ~ ~ / s e c  

63-11 

0.370 

164.5 

0.70 

0.0043 

1.00 

-6.5 

0.1 

7.6 

0.01 

0.00 

0.00 

-0.11 

0.02 

0.01 

0.00047 

15.4 

-0.7 

11.2 

-2.4 

-1.3 

34.07 

326.4 

speed sweep 

63-10 

0.356 

158.3 

0.70 

0.0042 

0.97 

-6.1 

-1 .3 

-7.4 

-0.01 

0.00 

0.00 

-0.05 

0.01 

0.02 

0.00042 

14.7 

-1.1 

10.6 

-2.4 

-1.4 

34.08 

326.6 

f l i q h t  - 
63-9 

0.330 

146.4 

0.70 

0.0044 

1.00 

-4.7 

-0.4 

-6.1 

0.00 

0.01 

0.00 

0.04 

0.00 

-0.02 

0.00035 

13.0 

-0.3 

8.9 

-1.8 

-0. G 

34.08 

326.4 

63-1 

0.151 

67.5 

0.70 

0.0042 

0.98 

0.4 

0.0 

-1.5 

0.00 

0.00 

0.00 

0.01 

0.00 

0.02 

0.00015 

7.5 

-1.0 

2.0 

0.0 

0.4 

34.20 

326.4 

Level 

63-6 

0.257 

114.2 

0.70 

0.0043 

0.98 

-2.9 

-0.7 

-3.1 

0.00 

0.00 

0.00 

0.00 

-0.01 

0.01 

0.00024 

10.1 

-0.3 

5.9 

-1.2 

0.0 

34.03 

326.4 



Figure 1.- Aircraft schematic and conventions used to  define senses of 
axes, angles , and accelerations . 
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l . l . l . l t I  
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L Nose boom and 
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- Total temperature 
probe 

Fiqure 2.- Three-view scale drawing of aircraft .  A1 1 dimensions are given i n  meters. 



Figure  3.- F l i g h t  t e s t  vehic le.  



t l c  

Figure 4.- Geometric characteristics o f  NLR-1T airfoil. 



x l c  

Figure 4. - Concl uded . 



x l c  

Figure 5.- Comparison of design and measured blade-section coordinates of 0.9R. 



Figure 6.- Data canister and hub instrumentation. 



/- Pressure or i f ice 

Cover plate 1 

@/- Spacing r i ngs  

Pressure transducer @ 
7 r l nstrumentaion leads 

Mount ing  pad \= 

Figure 7. - Expl oded-view drawing o f  typical  pressure-transducer i n s t a l  1 a t ion .  



Fa i red 
A- 

Figure 8. - Typical components for pressure-transducer assembly with transducers removed. 



( a )  Typical mid-chord cover pl a te .  

jing edge 

( b )  Blade upper surface. 

Figure 9. - Bl ade surface with pressure transducers instal  1 ed. 



F igu re  10.- Lower su r f ace  o f  b lade  t i p  p r i o r  t o  i n s t a l l a t i o n  o f  p ressure  
da ta  system. 



(a) Read-out gauge and fixture interior surfaces. 

( b )  Fixture installed on model blade section. 

Figure 11.- Blade-section pressure fixture for preflight calibration. 



. . .. . - - -- - Upper surface 
- . -- .- . Lower surface 

Time, sec 

( a )  p = 0.151 
Figure 12.- Histories of uncorrected, local blade pressures and ro to r  

azimuth f o r  level f l i g h t  (Fl ight  63 of Appendices D and E ) .  
r/R = 0.9 



1 3 0  . ---. 
1 2 0  g Upper surface 

1 1 0  
. - -- - - -  Lower surface 

1 0 0  F 

Time, sec - 
(b) p = 0.257 

Figure 12.- Continued. 



Upper surface __ _ _ . .  .- Lower surface 

Time, sec 

Figure 12. - Concluded. 



t ,  sec  

F igure  13. - Comparison of b l ade  s e c t i o n  da ta  f o r  s eve ra l  r o t o r  r e v o l u t i o n s  
a t  one test  po in t .  CL ' = 0.0043; p = 0.37; r/R = 0.9. 



. - Upper surface  

. . Lower surface  

x/c = 0.02 
1 0 0  
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5 0  
4 0  
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9 0  L/ % \ / -  LL/- 

--" 
J 

Time, sec  

Figure 14. - His t o r i  es of uncorrected, 1 ocal h l  ade pressures and ro to r  
azimuth f o r  a descending l e f t  turn. p = 0.224; C L '  = 0.0086; 

r/R = 0.9. 



.-- -. . .- . - -- Upper surface 

3 6 0  

I), deg 1 8 0  
0 

Time, sec  

Figure 15. - Hi s t o r i e s  of uncorrected, 1 ocal blade pressures and rotor azimuth 
f o r  a symmetrical pull -up (Fl igh t  66, run 22 of Appendices D 

and E ) .  p = 0.24; C L '  = 0.0075; r/R = 0.9. 



Figure 16. - Azimuthwise distribution of blade-section aerodynamic loads 
for  three tip-speed ra t i  0s. 



(a )  p = 0.15 

Figure 17. - Pressure coef f ic ien t  records f o r  several values of t i  p-speed 
r a t i o  i n  level f l i g h t .  Mh = 0.70; C L '  = 0.0043; r / R  = 0.9. 



( b )  p = 0.26 

Figure 17.- Continued. 



(c) p = 0.37 

F i g u r e  17. - Concl uded.  
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-1 
-3 
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x/c 

0 

(a)  Pressure d i s t r ibu t ion ,  $ = 70' 

1 
0 1 

x/c 

(b) Pressure d i s t r i bu t i on ,  = 230' 

(c )  Pressure as a function of azimuth 

Figure 18.- Pressure-data charac te r i s t i cs  f o r  local superc r i t i ca l  
flow. p =0 .37 ;  CL'  = 0.0043; r/R = 0.9. 
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/- Supersonic flow region 

Figure 19.- Sample patterns of supersonic flow regions f o r  blade sect ion.  
p = 0.37; C< = 0.0043; r/R = 0.9. 



Figure 20.- Azimuthal 
i s t i c s  a t  

D 

- 
- 
- P 
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37 
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.I5 
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0 9 0 180 270 360 

$ 3  deg 

(a)  Normal -force coefficient. 
distribution of blade-section aerodynamic 
a series of tip-speed ratios (Flight 63 o - 
and E ) .  CL' = 0.0043; Fh = 0.70; r/R = 0 

character- 
f Appendices 
.9. 



(b )  Pi tching-moment coefficient 

Figure 20. - Conti nued. 



$ 9  deg 

( c )  Upper-surface pressure c o e f f i c i e n t ;  x/c = 0.02. 

F igure 20. - Continued. 



(d) Lower-surface pressure coefficient; x/c = 0.02. 

Figure 20 .- Concluded. 



Figure 21 .- Blade-section operating conditions a t  a s e r i e s  of tip-speed - 
r a t i o s .  CL ' = 0.0043; fl,, = 0.70; r/R = 0.9. 



F i g u r e  21 . - Continued. 



F igu re  21.- Concluded. 



Figure 22. - Envelope of bl ade-section aerodynamic ope-rati ng conditions 
(Fl ight  63, Appendix E). C L '  = 0.0043; M,, = 0.70; r/R = 0.9. 



(a) Low-speed flight 

Figure 23.- Comparison of blade-section operating conditions for two values 
of vehicle load coefficient. Mh = 0.69; r/R = 0.9. 



( b )  High-speed f l  i g h t  

F igure  23. - Concluded. 



Upper surface 
.--. . -. ,- - Lower surface 

Time, sec  

Figure 24.- History of uncorrected, local blade pressures and ro tor  
azimuth f o r  hover. CL ' = 0.0039; Ah/R  = 1.9; r/R = 0.9. 



Figure 25.- Pressure coef f i c ien t  records f o r  one revolution 
i n  hover. CL ' = 0.0039; M h  = 0.68; A h / R  = 1.9; 

r/R = 0.9. 



t (sec) 

0  

$ 9  deg 

(a)  CL' = 0.0037 

t (sec) 

+, deg 

(b)  CL1 = 0.0039 

F igure  26.- B l  ade-sect ion c h a r a c t e r i s t i c s  f o r  two rev01 u t i o n s  a t  t h e  same 
hover t e s t  cond i t i on .  M,, = 0.68; Ah/R = 1.9; r/R = 0.9. 



F igu re  27.- B lade-sec t ion  aerodynamics f o r  one r e v o l u t i o n  a t  each o f  t h r e e  
hover t e s t  cond i t i ons .  



(a) Moderate tip-speed ratio; CL1 = 0.0037 

Figure 28.- Blade-section pressure data for one rotor revolution in 
descending flight. 



(b) p = 0.30; C L 1  = 0.0042 

Figure 28. - Concluded. 



Representative 
Compos i t e  

Figure 29 .- Measured and representa t ive  bl ade-section operating condit ions 
fo r  level f l i g h t .  = 0.24; r/R = 0.9. 



Figure 30.- Azimuthwise distribution of normal-force and pitching-moment 
coefficients for level flight. p = 0.24; r/R = 0.9. 



Figure 31.- Effect of ro to r  load on azimuthwise d i s t r ibu t ion  of blade- 
section normal-force coef f ic ien t  fo r  descending l e f t  t u r n .  

u = 0.242; fl,, = 0.70; r/R = 0.9. 



Figure 32 .- Comparison of azimuthwi se distributions of bl ade-secti on 
aerodynamic characteristics for-descending left turns and 

level flight. = 0.242; Mh = 0.70; r/R = 0.9. 



Figure 33. - Comparison of bl ade-section operating conditions f o r  1 e f t  
turn and reference leve l - f l igh t  condition. p = 0.24; 
Mh = 0.7; r/R = 0.9. 



Figure  34.-  Comparison of azimuthwise d i s t r i  hu t ions  o f  b lade-sec t ion  
aerodynamic c h a r a c t e r i s t i c s  for descending r i g h t  t u r n s  - 

and l eve l  f l i g h t .  p = 0.24; r/R = 0.9. 



F i g u r e  35.- Ef fect  o f  r o t o r  l oad  on azimuthwise d i s t r i b u t i o n  o f  blade- 
s e c t i o n  normal-force - c o g f f i c i e n t  f o r  syinmetrical pu l l -ups. 

p = 0.242; M,, = 0.70; r / R  = 0.9. 



Figure 36 .- Comparison of azimuthwi se distri hutions of blade-section 
aerodynamic characteristics - for symmetrical pull-ups and 
level flight. p = 0.245; E,, = 0.70; r/R = 0.9. 



Figure 37 .- Azimuthwise d i s t r i b u t i o n s  o f  l o c a l  pressure c o e f f i c i e n t  f o r  two - 
symmetrical pul l -ups and l e v e l  f l i g h t .  p = 0.245; Ah = 0.70; 

r / R  = 0.9. 



c~ ' flf '  deg 

pull up 0.0059 o0 
_ _ _  - -  - level f l i g h t  0.0037 0 O 

- l e f t  turn 0.0062 - 48' 

Figure 38.- Comparison of blade-section operating conditions f o r  
a symmetrical pull - -up, a descending l e f t  turn, and 

level f l i g h t .  p = 0.24; 5 = 0.70; r/R = 0.9. 



c~ ' P Of, deg qf, rad/sec 

pu l l -up ,  t = 0  set 0.0075 0.24 - 3 0.28 

- - - - - -  l e v e l  f l i g h t  0.0037 0.25 - 3  0  

"I- 

F igu re  39.- Comparison o f  b lade-sec t ion  opera t ing  cond i t i ons  f o r  two r o t o r  
r e v o l u t i o n s  i n  t h e  same pu l l - up  maneuver and i n  l e v e l  f l i g h t .  

r / R  = 0.9. 



c~ ' Of¶ deg 
Level flight 0.0038 0 

- - - - -  Right turn 0.0059 

- Left turn 0.0086 

Figure 40.- Comparison of blade-section pressure data for level flight 
and two maneuvers. = 0.22; r/R = 0.9. 
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F l i g h t  

- - - - -  Theory ( r e f .  35) 

F igure  41.- Comparison o f  pitching-moment c o e f f i c i e n t s  measured i n  f l i g h t  
w i t h  values computed w i t h  measured cn and M as i n p u t s  t o  
method o f  re fe rence 35. r / R  = 0.9. 



Flight data,  p = 0.37 

Wind tunnel ( r e f .  20) 

Theory ( r e f .  35) 

Figure 42.- Comparison of pitching-moment coef f ic ien t  var ia t ion w i t h  Mach 
number f o r  f l i g h t ,  wind-tunnel, and theoret ical  r e su l t s  f o r  the  
same s e t  of normal -force and Yach number values. r/R = 0.9. 
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- 

Figure 43.- Comparison of f l  igh t  data ,  wind-tunnel data, and theoret ical  
pressure d i s t r ibu t ions  ( r e f .  35). (Fl i h t  63, r u n  11 of 

Appendices D and E.  3 
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Figure 43.- Continued. 
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Figure 43. - Concl uded . 
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---- - a Lower surface 

oo Flight data 

- -- --- Theory 

Figure 44.- Comparison of blade-section pressure dis t r ibut ions from theory and f l i g h t  t e s t s  
(Flight 63, r u n  11 of Appendices D and E ) ;  r/R = 0.9. 
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Figure 44.- Continued. 
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- - - - - T h e o r y  

F i g u r e  44. - Cont inued .  
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Figure 44 .- Continued. 
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Figure 44 .- Continued. 
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Figure 44. - Concl uded. 
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Figure 45.- Comparison of flight data and theoretical blade-section pressure distribution for 
$ = 70'; r/R = 0.9. 
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Figure 46.- Comparison of f l  i gh t  data and theore t ica l  blade-section pressure d i s t r i bu t i ons  f o r  
several s e t s  of a i r f o i l  cogrdinates. Fl ight  63, run 11 of Appendices Dand E; 

$ = 70 , M = 0.88; cn  = 0.19; r/R = 0.9. 
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oO 
- - - - - -  5.8' 
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Lower-surface fl igh t data 

Figure 47.- Comparison of flight data and blade-section pressure distribution 
computed with and without Mach number and airxoil coordinate 
adjustment for yawed flow (ref. 35). I) = 70 ; - - 0.37; r/R = 0.9. 
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- -- 0 Lower surface 
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- - - Theory 

Figure 48.- Comparison of f l i g h t  data and theoretical pressure' dis t r ibut ion f o r  $ = 140'; r / R  = 0.9. 
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Figure 49 .- Comparison of f l  igh t  data and theoret ica l  bl ade-section pressure d i s t r i b u t i o n s  fo r  
several s e t s  of a i r f o i l  coordinates6 Fl ight  63, r u n  11 of Appendices D and E ;  

Q = 140 ; M = 0.80; c n  = -0.09; r/R = 0.9. 



Figure 50.- Parameters f o r  determination of stagnation-poi n t  locus a s  a  
function of e f fec t ive  angle of a t tack f o r  the NLR-IT a i r f o i l .  



Figure 51 .- 

0 0 Flight data 

-- -- Computed Val ues 

Results of curve-fit methods for  f l i g h t  pressure data. (Flight 63, r u n  11 o f  
Appendices D and E. ) 



0 Fl ight  data  

- - - - - Computed values 

(b) $ = 130'; M = ,0 .83 

Figure 51 .- Continued. 
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(c)  g 180'; M = 0.63 

Figure 51 .- Continued. 
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( d )  $ = 270'; M = 0.37 

F i g u r e  51 . - Concl uded . 
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Input ampl i tude 
Output ampl i tude 

Figure 52.- Amp1 i tude correction factors  f o r  e lect ronics  lag .  Cutoff frequency, 80 Hz; gain 
factor, 2.0; 1000 sampl e/sec ra te .  



f 

. Figure 53.- 

Measured, uncorrected 
- -- - --_ Corrected ( re f .  39) 

Comparison of measured, corrected, and approximated pressure fo r  a 
high1.v active pressure transducer. 



measured, uncorrected 

- - - - - - - -  12-harmonic approximation 

Figure 53. - Concluded . 
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Figure 54. - Real and approximated dynamic-response character is t ics  f o r  
several pressure-transducer systems. 



Figure 55. - Predicted blade-section boundary-1 ayer transition for 
NLR-1T bl ades . 
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